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PREFACE

This document is the {inal report on the Thermal Protection System (TPT) Repair Kit
Program. The program was performed under Cont'rilctiNAS" 9-15970 which was spansored

anc directed by the NASA Johnson Space Ceater, Houston, Texas.

The prograin was managed and performed by the General Electric Company - Re-Entry

and Eunvironmental Systems Division (RESDY, 15hti—!a.',' PA{ iér NAS'}\—JSC, in response to

their request for developing a repair material, dispenser, and storage container to repair

Space Shuttle tiles in orbit,
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SUMMARY

The results of this program have provided very significant substantiation of the

overall
in-ortit tile repair approach being pursuéd by N

ASA Johnson Space Center. ‘The mijor
clements of the repair Approach have been shown to he possible

and prototype functional
designs have been established which will insure

that flight units can be delivered by May 1930,

The specific major results of this study were as follows:

¢ Material solutions for both small and inrge area repair

®  Sclection and substantiation of 2 mature, fully developed, pre~cured ablator -
ESM 1001AD

] Formulation and substantiation of cyre
specific material - RTV 3778

-in-place materials and selection of a

®  Curc-in-place material vacuum and temperature cure characte

risties consistent
with in-orbit repalr environments and with necessary

working and cure times

® Sclection of a specific dispenser approach with the following characteristics:

- Pncumatic operation

(3
a
%
z
=
=
®
-
»

No clectrical power required

= Astronaut physical ¢ffort minimized; handlos oniy hose, valve and nozale

- Mixing relfability; 1.2)) if'material flows it must be mixed in proper ratio to
insurce curing ’ .-

®  Extensive maturity of dispenser by design and development tests tncluding;
- Mockup
- Functional breadboard and test

Functional prototype and test

= KC-135 zero-¢ test
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Conceptual verification of storage containers inchuding:

- Packaging

- Weight and volume

- Thermal Control

Verification of ope rational repair procedures - -
- Moldline control

- Prue-cured ablator provisioning and utilization = :

- Special l;x)ls L e

- Rellects astronaut constraints

il
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1.0 INTRODUCTION

The work described in this eport was performed to investigate feasibility and concep-

tual design aspects of repair materials and procedures for in-orbit repair of the
Shuttle Orbiter TPS tiles.

Space

The program was an 11l-weck p'rogmm with parallel t~zks to
investigate pre-cured ablators, cured-in-place ablators, cured—in—plz_icc ablator dispensers
and repair kit storage containers. The work :1156 reflcct-s many interfaces with NAS L -J3C 1o

establish operational and test requirements for the overall repar concept. The outnut of

this study forms the basis for continuation into final application,  design, test, fabrication,

flight training and fli{;rht utilization of the repair kit.

-« - o
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2.0 PROGRAM SCOPE

The program was directed toward conceptual feasibility of the in-orbit tile repair

approach as established by NASA-JSC. The repair concept invoived the folnlbwing:
a. repair of partial or single tiles (6 x 6 inches) using a cure-in-place ablator

b. repair of multiple tiles (up to 18 x 36 inches) using a pre-cured ablator borded
with the cure-in-place ablator material =~ = B ’ o

c. utilication of a mixer-applicator (caulking gun) to catalyze, mix, and dispense the
cure-in-place material.

The foliowing tasks were ;Serformed to evaluate the feasibility of these repair procedures
and to select materials and preliminary desiéné.' Since a number of sujtable materials were
thought to be availcble for use as a pre-cured ablator, the primary effort was directed

toward the cure-in-place material and related storage, dispensing, and cure preblems.
The specific tasks were: |
a. Select, substantiate, and provide a data package for a pre-cured ablator material.
b. . Perform material studies to investigate cure—in-placé materials including:
1. Catalyst and cure studies |

2. Material formulations for suitable bonding, vlscoaxty, ablation, and other
performance characteristics e e e

3. Ablation test and evaluation

4, Perform property testing for critical properties such as bond strength to
various substrates, vacuum effects, temperature effects and thermal aging

5. Selection of material and alternates
6. Support mixing and applicator design
¢. Perform conceptual evaluation and design of mixer-applicators including:

1. Concepts and trade off

2. Selection of primary approach




3. Breadboard design, fabrication and evaluation

4.  Conceptual design of prototype units, including small single part (ard large
three-part)* units ’

Perform assessment of siorage container and other tools required for the total repuv
kit including:

1. Storage container packaging and conceptual design
2. Thermna! contrel problem assessment
3. Special tools for performing repairs

Prepare and deliver 10 pounds of selected pre-sured ablator and-cure-in-place
material.

The above tasks were successfully accomplished ard the resuits are reported in Section

4.0.

*The large threc-part unit design evaluation was specificd by program change during the
7th week of the program,
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4.0 STUDY RESULTS

4.1 REQUIREMENTS SUMMARY

The basic requirements for the development of the repair kit were provided by the initia]

statement of work. The requirements were further Jetailed and modified by supporting docu-

mentation such as early versicns of NASA-JSC 16209 and other technica] data derived from;

presentations, interface meetings, and tclecommunications. NASA-JSC 16209, "TPS Repair

Kiv Requirements Document”” was the basic requirements reference;z;nd provided the guidelines

for the study program. The major driving requirements are summarized as follows:

a. Ablation performance to maintain maximum structure temperature of 250°F during
re-entry

b. Bond strengths greater than 40 psi to RTV-560 surfaces or surfsceg with residual
RTV-560, and greater than 6.5 psi to RSI surfaces -

¢. Cure characteristics to assure adequate strength and ablation prior to re-entry yet
allow sufficient working life during application

1,

2,

original requirement - gel {n 15-30 min
~ cure in 18-24 hours

updated requirements - working life of one hour
- cure in 18-24 hours

3. vacuum environment (10‘5 torr) v. ta various repair area temperatures

- structural surfaces 20 to 1000F
- SIP/RSI surfaces : -10 to 120°F

d. Simple application to meet moldiine and astronaut constralnts

1.

2'

30

4.

50

0. 25-inch maximum moldline variation

cure-in-place material to be used to bond pre-cured materials

minimum astronaut forces for mixing and application

flow rate 5 - 20 ina/min (derived requirement to support typical repair missions)

derived effective viscosity of 3000 to 8,000 polses for application effectiveness

4-1




e. Storage container and materials requirements
1, Maximum volume 12 n3
2. Maximum weight 300 lbs
3. 1080 ln3 cure-in-place material
4. 6480 ln:j pre-cured material
5. Thermal control as required for applications and cure

4.2 PRE-CURED ABLATOR

4.2.1 TRADE OFF, SELECTION AND DATA PACKAGE

Task Objective

The objective was to provide: 1) trade offs leading to the selection of ESM 1004AP as
the recommended pre-cured ablator, 2) a concise description of the selected pre-cured
ablator, and 3) thermal and physical properties of ESM 1004AP.

Space Shuttle Ablator Requirements

Previous studies conducted by GE-RESD to evaluate the candidate ablator thermal pro-
taction requirements resulted {n design charts being developed for specific shuttle misasions.
Typical results of this study are shown in Figures 1 and 2, which dépict the ablator thickness
and unit weight as a function of cold wall heat flux for both ESM 1004AP and 1004X. ESM
1004X was considered with a thin RTV-560 coating. '

The design curves are shown for two heating tiines, 1000 and 3000 seconds, which were
for two missions that were being evaluated at that time, a low and high cross range mission.
It can be seen in Figure 1 that the ESM thicknesses increase with heat load and heating time
and that the thickness requirements of ESM 1004X {s almost double that of ESM 1004AP.
However, Figure 2 shows that ESM 1004X i{s considerably lighter than ESM 1004AP. For
all of these calculations, the maximum structure temperature allowable was assumed to be
300°F.

Figure 3 shows the predicted thickness requirements for ESM 1004A P and 1004X for
the current design misasion, which has a heating time of 1650 seconds. Also included in
the figure are current RSI tile thicknesses for several locations on the space shuttle

4-2




obtained from NASA-JSC. The tile thicknesses are faired values and not necessarily the
design thickness requirement. Also the current design criteria is a maximum 'alivéwablei
structure temperature of 350°F, From this limited data, it can be concluded that the RSI
tiles can be replaced in all locations (for which we have tile thicknesses' defined) by an equal

thickness of ESM 1004AP to provide the necessary thermal protection.

Also shown In Figure 3 are some recent NASA-JSC calculations for ESM 1004AP using
thermophysical properties provided by GE-RESD. These results are in general agreement
with the design curve and differences can be attributed to large variations in the structural
thickness employed in the calculations, Finally, Figure 4 shqws. the unit weights of the abla-

tors and RSI for the current design mission.

The supporting thermo-physical data used in these analyses is attached as Tables 1
through 3, and Figure 5. )

ESM 1004A P Description

General Electric Re-Entry and Environmental Systems Division (GE-RESD) has, over
A period of years, developed a family of flight proven Elastomeric Shield Materials (ESM)
which have had broad upnlication for space and re-entry vehicle thermal protection.

The ESM 1004 series of clastomeric foams are based upon RTV-550 anq can be fabri-
cated at density levels frcm ~12 PCF to~90 PCF. ‘I’hey‘nxjé :ﬁ‘réprare'd by z; chemlcal foaming
process and are reinforced with up to 13 weight percent of inorgxrmlc‘:ﬁbers. As a result,
they are flexible in the visgin state and form strbng. coherent chars as a result of ablation .
These materials have been fabricated in honeycomb as well us in the unsupported state,

ESM 1004AP is the prime material in the 1004 series, with a density of 35 +3 PCF and
Is provided as an unsupported (non-honeycomb) flexible ablator.

ESM 1004A P Properties

In addition to those thermophysical properties listed in Tables 1 through 3 and Figure 5,
additional mecehanical and optical properties are available as shown in Table 4, and Figures
§ through 11,
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ESM 1004A P Manufacturing Flow Plan

A schematic flow plan of the GE proprietary ESM-1004A P is shown as Figure 12.

ESM 1004 AP Specimens

ESM 1004-AP specimens were provided 10/18/78 to NASA-JSC. That material is

identifiable as follows:

1 piece, approximately 6" x 12" x 0.6" : LOT WG 59141 -
1 piece, approximately 6" x 6" x 0.9" : LOT WG 550A1 ’

The contractually required 10 pounds of ESM was specifically fabricated and delivered.
The material was prepared as LOT ZL218A1. Acceptance data on the material was:
p 36 Ib/ft3 —
Tensile 90 psi




il

TABLE 1. THERMAL PROPERTY DATA USED IN THE ESM 1004X A\'D
ESM 1004-AP REKAP MODELS

PROPERTY
DENSITY, VIRGIN, PCF
DENSITY, CHAR, PCF
THERMAL CONDUCTIVITY
SPECIFIC HEAT
HEAT OF GAS FORMATION
SPECIFIC HEAT OF PYROLYSIS GAS
SURFACE EMISSIVITY
ARRHENIUS PARAMETERS.
2,,sec’!
ORDER OF REACTION
E4. BTU/LB MOLE
CHAR PARAMETERS:

Ny
/
C,Q-ES)
- KV
N2
Ca

ESM 1004 X

15

6

FIG.5
TAéLE 2
TABLE 2
TABLE 2
0.80.

15000
44,700

1.0

-2.25

1.0

ESM 1004 AP

36

144
FIG.5- ~
TABLED
TABLE 3

. TABLE 3
080

30000

47,500

R K I

-1.34

1.0
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TABLE 2, ESM 1004X REKAP MODEL DATA

T Hgf Cp K
oR BTU BTU BTU
1BM LBM OR FT SEC °R
1 50 0.001 0.55x 105
250 0.18 0.76
500 0.28 1.05
600 0.31 1.18
700 0.332 1.35
800 0.355 1.55
900 0.378 1.8
1000 0.398 : 20
1250 Y 0.4 2.24
1500 45 - 243 -+
1750 129 l 265
2000 2730 2.87
2250 2960 0.46 3.12
2500 3050 0.55 3.39
2750 3120 0.643 368 -
3000 3165 0.725 ' 399
3250 3200 0.805 432
20000 ¢ ‘ t {

'TABLE 3. ESM 1004- AP SPECIFIC HEAT AND HEAT OF GAS FORMATION
USED IN THE REKAP MODEL

TEMPERATURE SPECIFIC HEAT HEAT OF GAS SPECIFIC HEAT
o3 BTU/LB - °R FORMATION OF GAS
BTU/LB BTU/LB-%" . - .
0. 0.1000E 02 0.5000E 02 " 0.3840E 00
0.2100E 03 0.1080E 00 0.5000E 02 0.3840E 00
0.4G00E 03 0.2350E 00 0.5000E 02 0.3840E 00
0.8100E 03 0.3130E 00 0.6000E 02 0.3840E 00
0.6800E 03 0.3330E 00 0.5000E 02 0.3840E 00
0.7100E 03 0.3650E 00 0.5000E 02 0.3840F 00
0.7600E 03 0.3900E 00 0.5000E 02 0.3840E 00
0.8600E 03 0.4290E 00 0.5000E 02 0.3840E 00
0.1210E 04 0.4400E 00 0.5000E 02 0.3840E 00
0.1336E 04 0.4400E 00 0.5000E 02 0.3840E 00
0.1460E 04 0.4400E 00 0.4500E 03 0.3840E 00
0.1710E 04 0.4400E 00 0.1000E 04 0.3840E 00
0.1960E 04 0.4400E 00 0.2610E 04 0.3840E 00
0.2075E 04 0.4400E 00 0.2820E 04 0.3840E 00
0.2210E 04 0.4600E 00 0 2960E 04 0.3840E 00
0.2315E 04 0.4850E 00 0.3020E 04 0.3840E 00
0.290CE 04 0.6950E 00 0.3160E 04 0.3840F 00
0.3460E 04 0.8700E 00 0.3200E 04 0.3840E 00
0.4460E 04 0.8700E 00 0.3200E 04 0.3840E 00
0.1000E 06 0.8700E 00 0.3200E 04 0.3840E 00




TABLE 4. ESM 1004-AP PROPERTIES

BOND SHEAR STRENGTH 76°F  T5PSI

SHIELD/BOND SYSTEM 300°F 47

(ESM/RTV-660/BE) §00°F 21

OPTICAL
SOLAR ABSORPTANCE o ~0.75 S
TOTAL HEMISPHERICAL EMITTANCE 085 .
afeyy RATIO ~0.88

RF TRANSMISSION

R.T. DIELECTRIC CONSTANT 1.70 - $0.018

LOSS TANGENT 0.009
ATTEN. COEFF.cm'! : 0.01229

MAX. CHANGE IN SIGNAL

TRANSMISSION
HEATING 04DB ... .
COOLING o 0208
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Figure 8. Tensile Strength of ESM 1604-AP
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4.2.2 PRECURED ABLATOR MATERIAL STORAGE AND UTILIZATION
Summary

Preliminary studlies suggest that supplying the required quantity of precured ESM
ablator in an asscrtment of thicknesses provides the astronaut wide flexibility in repairing
damaged areas which can range {rom 6 X 6 inches to 13 x 36 inches with the depth from a
few tenths to 4 inches. The recommended assortment arising lron the studics detailed in
this scction consists of 54 two-inch tiles, forty - I 1/4-inch tiles and thirty - 3/4-inch Liles
with cach tile being 6 x ¢ inches, The total volume recommended meets the 3,75 113 defined
in the requirements document, These tiles may be supplied in prescored slabs measuring

12 x 12 inches and/or 12 x 18 inches.

Reguirements

The quantity requirements given in the specification of 3,75 na of precured ablator is
sufficient to fill five cavities of 18 x 36 X 2 inches deep. The thicknesses of HRSI and LRS!
tiles range from 0.3 to 4 inches. The material selected (ESM 1004-AP) is discussed in
Paragraph 4.2. 1,

Approach
The above requirements were analyzed and the following conclusions reached:
a, Arcas less than 3/4-inch thick will be filled (repaired) with cure-in-place ablator,
b. A tile cquals an area of 6 x 6 inches and the cavily is totally empty (flight tile com-
pletely removed), Furthermore, we considered that the largest stock size of

material which the astronaut could handle at the repair site was 12 x 12 inches or
at best 12 x 18 inches,

Thickness

A tile thickness of 3/4-inch was selected as the thinnest stock to be supplied, which is
corapatible with the procedure stated above, Two inches (2™ was also selected as the
thickest material to be supplied, becuause it permits {illing the deepest cavity with two

layers of material,

4-20




The consequence of providing an intermediate thickness of either Lor L 1/4 inch was
then examined.  Figure 13 shows the number of layers or thickness vrequired to [ill cavities
from 3/4 tc 4 inches deep, in increments of 1/4 inch. For this analysis a zero thickness
bondline was assumed. The cross-hatched portion indicates a cure-in-place layer 1/4-inch
thick was needed to fill up the cavity., LExamination of the Figure shows that if a L-ineh
thickness is chosen, then there would be tlu‘cp cases in which Wree layers would be required,
whereas if 1 1/4-inch is chosen, there is only one wmstiance wil three Layers, although there
are more cases requiring a4 make-up bed. But since there must abwiays be o finte band
thickness, the "make-up bed” is not really a disadvantage. Therefore, 1 i/4-inen stock
thickness was sclected as the intermediate size to be provided, Anoller advantage is that
the number of slabs of cach thickness o till one cuch of the cavnies is 24, cqually distributed

(8 of cach thickness),

Repair Area Siee

The repair avea vanges from 1 tile to 18 tiles 6 x ¢ inches (or enough for 135 X 36 inches
in plan form) and from 3/4 to 4 inches in depth,  Since it is reasonable to assume that the
damage will be random, a random numbers generator was exercised and five puairs of num-
bers representing area (as the number of tiles) and depth between the 2' ove limits were
ovtained. This simulation was repeated three times. Figure 14 depicts these five areas,
and shows the corresponding depth of cach caviiy for the three eases o1 "missions' simulated.
The number of tiles required to {ill cach cavity, by stock thickness was caleulated.  For
Figurc 14, the intermediate stock thickness was assumed to be Linch, Figure 15 shows the
same cavities, but using 1 1/4-inch thickness, Table 5 summarizes and compares the num-
ber of tiles by size to fill the assumed cavities, It shows that using 1 1/4-inch size reduces
the total number of tiles required, further reinforcing the selecton of 1 1/4-inch stock as
the better solution,  Mathematically, 1 1/4-inch is approximately the geometric mean

between 3/4 and 2.

Distribution of Tiles Suppiicd

In order to determine how to apportion the quantity of tiles to be supplied to muke up the

. : " 3 L . . . )
required 3,75 [t” yolume, the mean and standavd deviation of the dles requived for vach ol




the three '"'missions” simulated was calculated. Various models ¢an then be :ssumed to

calculate tlie quantity of tiles:
a. Equal volumes
b. Equal number of tiles
c. X times the mean

d. The means + 4 times the standard deviation

Table 6 shows the mean and standard deviation of the quantity of tiles by whickness, It
also shows the volume that would result if some of the models listed above we e used, A
preliminary selection was made of X + 20 model, or a total of 4.3 Ita, However, due to
volume and weight constraints, the recommended provisioning was adjusted downward to

just meet NASA's requirements as shown below.

Mid-Term Final Selection

Tile Thick (in.) Qy vol (1) Qy Vol (&25)
2 58 2,42 54 2,25
11/4 48 1.25 40 1,04
3/4 38 0.59 30 0,47
Tot. 144 4.26 124 3.76

Note that the reduction in tile quantity was less for the 2-inch than for the others
bccause the analysis had shown a larger variance, thus less certainty in the actual number
neeced.
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TABLE 5. NUMBER OF TILES VS. AVAILABLE THICKNESS

Total No. Tiles For Repair

Case No. 1 2 3

Slab Thick. (in.)
3/4, 1, 2 79 102 76

3/4, 1-1/4, 2 G4 81 65 SELECTED

TABLE 6. MATERIAL VOLUME VS. SUPPLY MODEL

Volume FT°
Tile Tk. (in.) Mean Std Dev 3X X+ lo X+ 20 X+ 30
2 22 18 2.8 1.7 2.4 3.2
11/4 26 11 2.0 1.0 1.3 1.5
3/4 22 8 1.0 .5 .6 7
TOTAL 5.8 ' 3.2 4,3+ 5.4

*SELECTED FOR STORAGE BOX ASSESSMENT (PRELIMINARY)

4-23




THICKNESS -- INCHES

THICKNESS — INCHES

AVAIL. SL#B TK.: 3/4, v, 2"

E]
|
I
l
l

3
TOTAL SLABS = 108 3/4",7€ 17,90 2" = 26

[ %]

AVAIL. SLAB THICK: 3/4, 1.1/4, 2"

TOTAL SLABS = 3/4"-8,1-1/4" . 8,2" -8 = 24

Figure 13. Slab Thickness Comparison
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SET #1 TILE SIZE: 6 x 6"
SLAB THICK: 3/4, 1, 2"

TOT. TILES RPEQ.

9% 2
15 12 13 27x "
43x 4"
K

L3 1 [

[ 314
2.7 3/4 40 2
THICK ] : 2 20 2 | 1 ] os[ anm |

SET 42
—
10 14 35 x 2+
10 1 251"
o a2 x /4
3/4 __ .
A 26 14 3.0 f—o! so—2 15228
. . . o
THICK | 2| 1 2 2 3/4
SET #3

]

I 23x 2"

‘ 11 11 7x1
5 E 7 36 x 3/4°~

——
—n e

AL | 3/4_ e
3.3 1 3/4 3/4 1
— 37 . ~ .
THICK 2 1.3 Fj 2 I W

Figure 14. Repair Arca Size Distribution
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SET #1 TOT TILES REG
EACHTILE=6x6""
SLAB THICKNESS: 3/4”,1-1/4”, 2"

-
1 9x2"
TILES 12 13 30 x 1:3/4”
25 x 3/4”
(=] [ =]
MAKE UP BOND
2 1-1/4 2 i
- )
4.0" AARLLANY —
THICK /" 1.174 2 202 || _3a_ Jos 3]

SET #2
— Nam
— 35 x 2"
10 14 1 1 31 x 1-1/4"
15 x 3/4"
AW . 5NN YN
: 1-1/4 3/4 2 .
100 P 2.6 30 2 4.0 X
THICK | 2] 11/4 2 2 15| 14
SET #3
[ 23x2"
‘ 1" 11 17 x 1-1/4"
5 7 25x3/4"
[I___— [ 1 |
34 T
1/4 : 3/a 3/4
23" 1-1/ 1-1/4 3.7 ‘ =N 39
THICK 2 ] 2 5] 114 '

Figurc 15. Repaiv Area Size Distribution




4.3 CURE-IN-PLACE ABLATOR

4.3.1 OBJECTIVES AND APPROACH

The general requirements for the cure-in-place ablator are summarized in Paragraph

4.1, To meet those requirements, the objectives of this task were to: 1) select "oif the
shelf" materials requiring a minimum of development, 2) select a materizl or materials
offering {lexibility in cure time 1n vacuum, and 3) select an elastomeric material to provice
compatibility with the residual of the cured RTV-560 primary adhesive remaining in the

cavity.

To provide maximum compatibility of the primary shuttle bond system and the repair
system, primary emphasis was placed on silicone rubber compositions based upon GE
RTV-560 and the RTV-500 series of materials. These methyl-phenyl based elastomers
offer high temperature performance as ablators or as insulators, and, as a esult of low
glass transiticn temperature (~ -175°F) will perform successfully at low temperatures as

well.

The selected pre-cured ablator (ESM 1004-AP) is based upou: RTV-560, and the primary
approach of the cure-in-place task has beec the investigation of RTV-560 and RTV-577,

both unmodified, and modified with fillers as potentiz] repair materials,
4.3.2 CATALYST AND CURE STUDIES

Catalyst Feasibility Study

The specific intent of this sub-task was to rapidly screen and evaluate a wide number of
possible catalysts and catalyst combinations not currently used for RTV-560 and RTV-577
and similar silicone rubbers to assess their feasibility for rapid gellation in vacuum, These
tests, shown as Table 7, were conducted in laboratory vacuum (1¢* torr) and at roomn
temperature, This study was limited to a maximum of eight materials in order to rapidly
select the most promising material or material/combination for exteasive evaluation.
Selection of the most promising candidate was on the vasis of relative gel times, and degree

of cure after 24 hours at room temperature.



In order to conduct these tests as quickly as possible, a laboratory desiccator was {izied
with a 1-inch thick flat acrylic cover with pasi-throughs for: 1) vacuum hose attachment, 2)

pressure gauge, 3) mixer shaft, and 4) hypodermic syringe needle for catalyst introducticn.

The general procedure was to place the repair material (RTV-560 for the feasibility
study) in a disposable container in the vacuum chamber and de-gas the resin mix, Alwr
bubbling had subsided, the caralyst or catalyst mixture wias atroduced via the syringe anc
the mixing begun., The pot life (working life, spreadability Life, bonding time) and the gel
time (time when material is essentially tack-free) were assessed for cach combination
cevaluated.  Although net completely applicable, the gel life vas determined per the genorzl

recomrrendations of Reference 1, while pot life was considered to be the stall peint of the

mixer in the vacuum chamber,

The results of the catalyst feasibility tests are listed in Table 8, and the conclusions

of the sub-task summarized below,

CONCLUSIONS
CATALYST FEASIEILITY TESTS
(RTV-560)

. Lead, zirconium, zirconium/tin, and zirconium/lead mixtures are not effective,

. Hafnium alkoxy surface sxkins, and is not recommended.

.o  Tin complexes, particularly stannous octoate (STO) are recommended. Dilution
with silicone fluid is necessary to provide mixing time in stirring type equipment,
Dilution may not be necessary for positive displacement flow-through mixing

systems,

o Explore STO/SF 96-50 mixtures to provide STO concentratioas >0.3 WT% of
RTV.

Catalyst Concentration and Temperature Evaluation

The most promising candidate cutalyst or catalyst combinaticrn selected in the previous
task were extensively evaluated at several concentration levels owvcer the application termpera-

ture range of 40° ¥ to 125°F receiving initial primary altentioa (curcent requircments ringe),

Ref. 1. "Mecthod of Test for Gel Time and Peak Exothermic Temperature of Lpoxy
Compounds', SPI, Method ERF 2-61.
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The evaluations eonducted mchided set or el tiine, degeee of cure after 18 to 24 hours in
vicuum, and hardness versus depth of the madormal, The planned test meteix is shown as

Table 9,

Bascd upon the sereening results, stannous Octoate catalyst, blonded in SE S6-00 sili-
b 14

cone uid wis selected as the prime cataly st system candidate,

Five mantares of catalyst Tland were evoluated wath RTV =060 in the range 0, 3 w0 L, 2
Wi, Coentalyst oased on vest sobids Table 1), Biend Nog 2 {006 wily ST was seleated
AR the prime andedbite toomeet the carly progriam chjective ol gelhition to a Glek =T eee sate

1S =30 minutes, The room temperature vitcdanm Jala as histed m Table o,

Catalyst Blend Noo 2 was then atilized to generte havdness and gel times for HTV =500
ad RTV-57T at o, 20®, and 120 F in addition to the room temperature data previously
obtained.  That dota, Table 1Y, shows o considerable variation of gel times and show o
hardness (after 24 hours) as a function of temperature wnge, The available daga, Loy
RTV-560, and RTV 577 based formulations is summuagized i Figure 16 showing time -
temperature data, Additional data will bave (o be aceuamubited eiarly in the follow-on pro-
gram o completely define these ehnreacteristios foe 577E,  The dati must e acecumulated

using a static mixer approach,

It should aixo be noted that priov o inception of this sub=task, e vacuune capalnlity
=0
wis enhaneed by use of an upgraded facility capable of 1o Mo 107 torr with & betl jar lange
enough to permit catalyst addition and mixing totally within the vacuum covironment, that
"~

facility is shown as Figure 17, Al subsequent matervials ovaluation testing wis conducted

in that cquipment,

Effect of Vacuum level

The objective of this task was Lo demonsteaie that the reaction rates of the RTV-560
rubbery cataly st mixtures will not vary as a result ol vacauin fevel and possible related
moisture content. A series ol experiments were conducted Lo assess the gl Lime and cure
time of e selected system as a function of vacuum level and time at vacoum,  Pre-driced
and pre~deacrated biuse polymer as well as as-received materinl was ineluded i the evalua -

tions., The evaluation matrix i listed in 'Fable 12,
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The vacuam level experiments were conducted using the carly desiceator/ laborvatory
. - ry -
viacuam (10* torr) cquipment, s well as the 1o~ o (o= cauipment, and all Wwsts were
conducted at voom temperature, o addition, Shore A hadoesses were deternvined alter s

]

Lo and 21 hours o the partiealar eavivonmeent,

The gellation rites were sumihine to those shown m Figpure 16 lor Mas reeewved” aca lor
“de-acrited” polymer, whereas polymer heated to dou® B oand de-aceated did not cuy - satis -
Lictorddy andor vegquared 2 to 3 tmes booger tor golltion as o oresult of lass of ens clined
matature a8 well as e (Approxtiately 210 202w at 10* ey} Subsceouedt tesla were

conducted with de-aerated materal only,

Havdaess measurements were miude on de-aerated material and comparea o data pre-

AN
viously gcm‘r;uvd(') on an RTV-560 compuosition using @ T-12 dibutyltin dilaurate) catalyst

system, The T-12 system s dslower cataly st system, normally used for bondinge agpplicn -

tions,  As can be seen from Figure 18, cure with the STO (as evidenced by havdness genera-
tion) Is rapid and provides 24 -hour hardoesses similae (o 72 1o 120 hour hardiesses with the
slower system, I is also evident that vacuum level plays Litde paet in eate of care ov final
hardness of the system, Datit included from the temperature study points out the slower

cure e of the 0°F and 45° F test specimens,

The RTV-500 series of clastomers are comdensation type polyniees yictding i reaction

product as a4 result of the polymerization reavtion, The generalized resetion isg
2RESIOH == R(SiE-0-8iky v HoO

In actundity, however, the cotdeasition reaction products consist of s mixture ol water,
cthanol, and low moleculive weight poly -siloxines which are unreacted,. The aaticipated
mass of material released is 2 to 3 wi 'O resalting in oulgas of these products in vaegum
during the polymer cure and {formidtion ol 4 porous clastemerie structure, Figure 19 shows
increased void size with inereasce in vacuum level for matevials catalyaed at the siune level,
(Blend No, 2, 0,6 wi ¢ STOL) Figures 16 through 19 adlusteate RTV-560 (500 potse viscosity)
catalyzed, mixed aud cured at various vacuum levels,  Figure 184 represeats a specinien

cured in i confined system at one mosphere,
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Figures 19C and 19D show RTV-560 cured at 10~ torr. The specimen shown in Figure
13C was not degassed prior to mix and cure and itlustrates the Lage volume expansion
(arrow) to be expected prior to matenal collapse if non-degassed materfals are used,

Figure 19D, in comparison, was degussed over-night prior to mixing and cure. The lger
void content of Figure 198 represents the difference in amount of entrained gases removed
as the resin is more thoroughly degassed,  Figure 198 was degassed approxinmately one hour,

“wnile the Figure 19D specimen was treated over-night,

Incredased viscosity can also result in o greater amount ol teapped condens:ation products,
Figure 19E shows a specimen of lilled REV-560 (RTV-560k) with a viscasity of 1500 porse
(three times the viscosily of the base material),  This material had been degassed for two

hours.,

Figures 19F and 196G show porosity of the cured specimens of RTV-577. Figure 19 is
of RTV-577 at an initial viscosity of 5000 poise, while the RTV-577E (fillwd RTV-577) shown
in Figure 19G was approximately 14000 poise,  Both of these samples were prepared with

resin that had been degassed for (wo hours,

These figures show the importance of thoroughly degassing the resin prior te vacuum
cure, For the higher viscosity materialy, degassing is more difficult and wil} require
special procedures including cither blending unde v vacoum and/or degassing (with tixing)

prior to loading the mixcr-applicator,

Regardless of these procedures the vacsum cured materials will have a porous structure
of some degree.  This structure will be different for the operational statie mixer than for
laborating batch operations, It will also probably be different {or space Zero-g with viacuum
a3 compared to one g with vacuum,  One sample was taken with the breadboard application
discharging into &t vitcuum of 1075 1ope, The 5771 material was degassed over night (~ 38 hrs).
The cured material resulting from this operation {s shown in Figure 20, The porous structure
i3 very similar to that of laboratory RTV-577 (Figure 19F) except for slightly larger pores,
This {3 probably duc to less effective degassing.  The 577 lower viscosity material was
degassed with stirring while the breadboard §771 material of higher viscosily wis degassed
without mixing due to cquipment limitations. The 577 sample (Figure 191) was considered

suitable for repair material performance (concurred by NASA at the mid-term nmecting)

4-31




and the first vacuum specimen from the breadboard dispenser was very similar, It is
expected that the slightly larger pore size will be reduced by more effective degassing
and will be further reduced by zero-g effects.

Thermal Aging - Reversion Assessment

Reversion is the de-polymerization of a4 cross-linked polymer under the combined
effects of heat and the solviting action of low molecular weight unreacted species. Reversion
15 4 ume depeadent reaction, generally vecurring over a relatively long period of ume, and
is not regarded as a major problem. However, assessment of the developed cure-in-place
ablator was considered important for a man-rated system. Accordingly, specimens of
vacuum cured RTV-560 and RTV-577 were aged at 350°F in a closed system for a period
of one week. No evidence of softening or de-polymerization was observed, confi rming the
conclusions reached in References 2 and 3 regarding the advantages of stannous octoate

catalyst in promoting reversion resistance.
4.3.3 MATERIAL FORMULATION/PERFORMANCE TRADE OFFS

The basic objective of this task was a limited assessment of potentially desirable bene-
fits of filler additives to the selected cure-in-place ablator materinl, The fillers were

incorporated for several reasons such as lower density, greater char refention daring
ablation, lower thermal conductivity, and increased polymer viscosity. Candidoate fibrous

and noa-fibrous fillers which were considered are shown in Tables 13 and 14,

Of the potential fibrous and non-fibrous materials several microspheres (Eccospheres
SI and PQ Q-Cell 200) and an aluminum silicate {iber (JM 221) were selected for evaluation
on the basis availability in the laboratory consistent with temperature capability for the
ablative environment, Four formulations were prepared (Tuble 15) and evaluated viz the

NASA-ISC Arc Jet Test (Paragraph 4,3, 4),

As discussed in Paragraph 4,3.2, it became necessiury to dilute the stannous octoate

catalyst with a dimethyl silicone fluid SF 96-50 in order to incorporate the catilyst

Ref. 2. ""Cure and Reversion of Silicone Elastomers in Sealed or Confined Systems'™,
Plastics Technology TIS Report 65SD301, C. W. Wilscn, 8/9/65.

Ref, 3. "Projected Solution to RTV-560 and PD-162 Matcrial "Reversion' in Closed =
Systems", PIR 8158-1427, J. Axelson, 11/5/66.
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: uﬁiforinly. In support of the dispenser design activities, a number f viscosity determina-

tions were made to provide design data in the temperature range 40°F to 120°F. Data was

) obtained for:

1. Stannous octoate (Figure 21)

[~
.

Stanaous octoa' /Sl 96-50 Cutalyst Blend No. 2 (Figure 23)
-3.  RTV-560 (Figure 22)

1. RTV-577 (Figure 23)

5. RTV-550E (Figure 23)

6. RTV-577E (Figure 24)
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TABLE 7. CATALYST FEASIBILITY TESTS

Metal Inhibitc ~

Catalyst Form

Tin

Lead

Zirconium

Cerium
Hafnium

Screening Conditions:
Room Temperature

Laboratory Vacuum, 10* torr

Stannous Octoate
Star.nous Octoate/SF96-50
Stz=nnous Octoate/RTV-9811

Octoate or Naphthenate

Octoate or Naphthenate
Octoate w/Tin, Lead Promoter

Octoate or Hexoate

Alkoxy
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TABLE 9, PRIME CATALYST EVALUATION

o bk e AL e e AN

(TEMPERATURE AND CONCENTRATION EFFECTS)

TEST TEMP,, °F

CONC.

LEVEL .250 100 0 40 75 125 200 250
1 ~
. R
2 o Pe
x%‘”
<
3 a
4.
5.
L4
*ADDED
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TABLE 11. GEL TIME AND HARDNESS VS, TEMPERATURL

Temp'F

R1'V-560, CATALYST BLEND NO, 2

Gel Time

Store A {at Gel Time)

Shore A (24 hr)

4 Hr.
45 Min.
35 Min.

3 Min,

RTV-560, CATALYST BLEND NO, 1

14
13
20

8-10 Hr.
2 Hr.
i-1/2 Hr.
5-6 Min,

34
38

NOTE: Hardness variation versus depth was within expected instrument
tolerance of +5 units,

TABLE 12. VACUUM LEVEL EXPERIMENTS

-Pregsgure

Ambient
10° TORR
10~ TORR

Material Condition

As-Receiver? De-aerated HeatedTDcaeraTe—J
X X X
X X X
X X X
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TIME, HOURS

151

14

12

1

10

(4]

\ - RTV560 LAB. DATA (STIR MIX)
L e e X-0.3WT% STO
\ +-0.6 WT% STO
v ~ RTV577E........BREADECARD AND PROTOTYPE DATA
N 02 WT%
\ o -0.3WT%
v NOTES
\ ® WORKING LIFE ~ 30% OF GEL TIME
\ ® SLIGHT DECREASE IN RTVS77E
\ - CATALYST CONCENTRATION INDICATE

TO EXTEND WORKING LIFE

\ START/STOFPED PROTOTYPE
\ DISPENSER THREE TIMES

~\ WITH 15 MiN DELAY AT
THIS CONDITION

20 40 60 80 100 120
TEMP., °F

Figure 16. RTV-560 and RTV-577E Gel Times vs Temperature
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Figure 17. Vacuum Facillty, 10_4
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SHORE A HARDNESS

STO
CATALYSY - - S RTV-560 T-12 CATALYST

OPEN, AMBIENT

o 120°F
O F | OPEN, 10° TORR
& 4&5°F + OPEN, 104 TORR
o Q'F
I i
0 ' 1 1 | 1 1 L I L L . . '
0 2 4 6 8 10 12

DAYS CURE AT 75°F

Figure 18, RTV-560 Hlardness with Vacuum Effeets
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VISCOSITY, CENTIPOISE

-
2o

-

!

© DEGASSED IN 28 HOURS WITH MIXING
® 105 TORR

Figure 20. Vacuwn Cured Specimen from the Breadboard Dispenser

500

200

100

sTO
STO/SF 9650 (2)
1 1 1 ] 1 b
40 80 100

TEMPERATURE, °F

Figure 21. Viscosity Versus Tempcrature
Catalyst and Catalyst Mixture
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. VISCOSITY, CENTIPOISE

100000
80000 |-
60000 |- )
RTV-580
~ 40000 [~
20000 1 I A 1 . 1
0 ' 40 80 100
TEMPERATURE, °F
Figure 22, Viscosily vs. Temperature RTV-560
T
nexf
B o)
é
o
o i
° .
Figure 23. Viscosity vs. Temperature RTV-577 and RTV-560E
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Figure 24. Viscosity vs. Temperature RTV-577E
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4$.3.4 ABLATION TESTS

Text Matrix and Objectives

The Arc Jet Ablation Tests, conducted by NASA-JSC had several objectives:
a. Evaluate base-line RTV-580 and ESM 1004AP in the shuttle enviroament

b. Assess ablation performance of RTV-577 versus RTV-560

¢. Provide assessment of several filler classes and types for formulation guidance.

The first series of test specinxen‘s‘wfe'rc 3.875-inch discs of HRSI 2.0 inches thick with

2.0 inch diameter holes to contain the repair material. The test model coafiguration was as
shown in Figure 25. All materials were cast in place at ambient pressure. Chromel-alumel
thermocouples (20 gauge) were installed at nominal 1/4, 1/2 and 1.0 inch depths from the
front face. The specimens prepared and tested are shown in Table 16. The formulations of
samples "B" and ""C" are GE Company proprietary, while the remainder of the formulations
may be found in Table 15. Table is also provides objectives and expected results for each
model.

"A second series of specimens, two in number, was also prepared at ambient pressure
for test. The test specimens were 6 X 6 x 2-inch HRSI tile« with 3. 0-inch diameter holes

to contain the test matertal. In addition to thermocouples {n the repair material at the same
depths, as before, two additional TC's were provided, one In the HRSI at 1/4 inch depth and
one for the HRSI backface, The two additionnl specimens were:
) Nominal PCF
1. RTV-560E 7.8
2. RTV-577E 69.2

NASA personnel provided X-rays and actual in-depth T/C locations, and pre- and post-
test photographs for cach model. In addition, a Nomex felt insulator (SIP) and an aluminum

structure were bonded to each riodel as shown in Figure 25 and two additional thermocouples,

one at the surface of the SIP and another at the structure surface, were installed at JSC.

Test Environment and Results

All samples were tested for a 600 second time period for the arc environment described

below, which simulates a high heating rate area on the shuttle vehicle. The test environ-

ments were as follows:




C - 42 2 sec
qcold wall Blu/ft2 sec

"R - 6600 Btu/1b
-0, S1d
PC 18 psia

The samples designated Al and A2 in the

pre~test photograph Figure 26y are both
unfilled RTV=560 (Py - :9 lbs, 113,

Both samples performed as expected, eibiting eaces-
sive swelling as seen in the post test photegr aphs in Figures 26B/26 ¢/D anc allowing a0

significant thermal penctration (BFAT - 8° @ 600 seconds), at the SIP backface, Figure 27

Sample Al which ¢Xxpanded more auvcrcly lh.m .my of the other models had a mushroorns

-

shuaped char at compluxon of tnc lLbl This Lh.ll.' l.\y-.r was attached to the model at the

completion of the test, nhowever, during the removal process (from the sting) it was un—-

avoidably jarred loose. Referring to the post ig-st;photogrzlphs it is apparent that although

sample A2 also experieaced considcrabi‘ﬁ ‘expansion (0.371', it did not exhibet 2 deformed
char layer. During the test the = .ag arm holding sample Al was obscrved to undergo a

number of severe forward and aft vibrations, which most probably resulted in loss of the
periphery char and caused the surface deformity. This malfunction was Lacedd to 2 luose

clectrical connection, controlling the left arm movement, which wias corrected for subse -
quent tests,

From the photographs of the scctioned modds it is evident that at some point during
the cxp'mslon process, both smmplcs developed an air-gap between the charred layer and

the residual virgin material, The char layer was most probably retained as a reselt of the

lateral expansion that appears to have occurred; however, no fractures are evident in the
RSI holder,

The surface and in-depth temperature history responses of these two models are quite
similar as shown by comparing Figures 274 and 27B.  Both sets of data indicate little or n»

temperature rise at the structure surface. Analytical predictions were not geserated for

comparison to these data because the material has only been characterized in the low
temperature regime, and char -conductivity specific heats, and thermogravometrie data

are not available. A comparison of availuble RTV-560 material data, to comparable

ESML1004AP data (F.gure 2¥), shows that the thermal characteristics in the virgin state are

similar. However, this does not necessarily mean the materials will perform in a like
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manner. Char characteristics of the two materials will determine their respective in-depth
temperature responses. In fact, 1 comparison of the ESM1004AP post-test models (Figure

29B and 29C) and test data (Figures 30A and 30B) to previously pregented RTV-560 data shows

that the temperature responses through the first inch of the materials are quite different,

If the materials had performed in a similar fashion (comparable char expansion, char depth,
etc.) the observed differences could possiSIy h‘a\;'—erbéen' ;ttributed*to A\mique char fermation,
however, referring to the photographs of the sectioned models (Figures 26 C1/2 and 30B) the
differcnce in expansion are evident, along with the developmcn'. of a large air-gap in both
RTV samples, Comparing the data defined on Figures 27 and 30 shows that the thermo-
couples in the ESM models responded-much more _'r:}pidly than those in the RTV samples,
although no appreciable temperature rise was measured at the structure of either material,
This comparison suggests that expansion and/or development of the air-gap in the RTV
samples began almost immediately. If expansion began at the onset of the test, the effective
location of the thermocouples from the surfacerof the RTV samples would be greater than
that of the corresponding T/C's in the ESM models, both of which experienced less than

120 mils expansion (Figure 29), If an air-gap did exist in the RTV-560 early in the test,
then the primary mode of heat transfer was radiation heating which would also produce
lower than expected temperatures. Thus, the differences in the measured in-depth response
between the RTV and ESM models is probably a co'm.binauon of both effects,

Analytical predictions have been generated through the use of one-dimenslonal Heat
Condition code (REKAP-Reference 4) and the analytical model outlined in Reference 5,

These results are compared to the ESM measured data on Figure 30, These predictions
are based on a cold wall heat flux of 42 Btu/ft2 sec with an enthalpy level of 6600 btu/b,
It can be seen that the analytical model is underpredicting the temperature response for
comparable T/C locations up to 1.0" from the surface. In addition, the model is also
underpredicting the surface temperature measurement obtained by pyrometry. These
measurements have been adjusted to account for a surface emissivity of 0, 85 which is the

value employed in the analysis. Noting the difference between the me:nsured and predicted

Ref. 4. Hannon, J.D, '"User's Manual for the One Dimensional Heat Condition Program™"
(REKAP), 10-18-65.

Ref. 5, Florence, D., "Thermodynamics Ground and Flight Test Pe: formance of a2 Low
Density Elastomeric Silicone Formulation', 10-23-67, Data Memo TTC-110,
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suriace response and having data which indicates ESM undergoes on exothermic redaction az
cerair eavironment levels, the quoted cnthalpy and predicted gas injection coefficent (3'm
Were compared to a correlation (Reference 5) based on theory and data, in order to deter-
mire the test eavironment regime.  This comparisoa is prcséntcd on Figure 31, which
indicates any combination of B'g and enthalpy that lie below the zero gas injection line
would be in the exothermic regime. The .bloucdjd;uzi POWL from this test does lie below she
bou - tary indicating a heating rate of .bout 10} grarter thun that employed in the analysis,
Alec, during the tests it was noted that the Limrnio&ohblés‘ located at the structure surface
Indicated a higher l'cmpcx‘:llu.l‘t‘ response than the sensors located at the surface of the $;p,
Since the models were encompassed in a Water-cooled holder there wils no possibility that
the structure temperature was being driven by an outside CRCIRY source. Its response was
due esatirely to conduction, Thervefore, the unexpected response of the structure T/C's prior
to the response of the SIP sensor leads one to concfudc tha-t there may be two-dimensional
conduction effects, A comparison of the thermat differsivity versus temperature for the
RSI and ESM is shown on Figure 28, which supports the theory that two dimensional con-
ductioa is oceurring.  Thus, it's believed that the combined cffects of exothermicity, two-
dimensional conduction, and cXpansion, which is not accounted for in the predictions, are

primary causes for the measured versus predictéd temperature differences,

Samples C1 and C2 (Figure 32) are ESM Part A samples (unfoamed ESM). The post-
test photograchs indicate that both models expanded niore severely (0.333" und 0.243",
respectively) than the standard EsM models, and that the ESM Part A experienced some
surface melting which was not observed on any of the other models,  As was noted in the
sectional Al and A2 mudcls, the phologmphé ol the sectioned C1 uand C2 models also show
the development of an air-gap between the charred and residual virgin material, The airp-
B2p is much more apparent in the sectioned €2 model although it is not as large as that
observed in test samples Al and A2, In model C1 the air-gap is smaller and appears to
be in the development stage relative to the C2 model, The lemperature performance of the
two models are presented on Figures 33A and 33B, waich show that with the exXception of
the nominal 0, 25-inch depth sensor, late in \hu; test, the models performed consistently,
At above 450 seconds into the test the shallow T/C on the €2 model began to rise at a more

rapid rate than the corresponding sensor on the Cl sample.  This difference could be the



result of the 50 mil expansion difference between the two models, which. as poigled out in
the discussion of the RTV-560 models effectively positions the sensors at different in-depth
locations from the surface. Also, another factor that may be prL)duL:ing .hese fexnpcrulurv:
differences is the 0.25-inch T/C in the Cl model appears to be located anere the air gap .3
developing, whereas in the C2 model the air-gap is well belowrme [irst sensor. Ingeneral,
the overall performance of these samples is considered not as good as the standard ESM
performance and only comparable to that of the RTV-560. The material will Hmit backlace
iemperature response, however the expansion, fquming/mel_ting, and char retention may

a problem.

The fourth material that was tested was Model D, a modified RTV-560 (filled with
ceramic microballoons - Figure 34). Post test photographs of this sample show that the
model «»panded excessively (~0.284'"), developed an air-gap, and the RSI holder cracked
to a depth of about 1,0 inch. The teniperature performance of. this sample is described on
Figure 34D, It should be pointed out that this sample was not at an equilibrium temperaturc
level at the initiation of the test., This was the result of an automatic test shut-down, at
110 seconds into the test, due to a vacuum loss in the test chamber. Restart did not occur
‘or ~pproximately 4 minutes and the initial temperatures shown on this figure are those
measured at this time. The thermocouple, nominally placed 0, 50-inch from the surface,
failed about 100 seconds after the test restart and responded in a very erratic manner;
therefore, no reliable temperature data is uyzﬁ'lllbvk: [o‘t"t.t\'is~ic.)cation. The SIP and structure
measurements indicate no appreciable lcmporulufe ﬁsc at these locations and the overall
response of this sample appears io be consistent with the other RTV models, In comparison
to the ESM model the backface performance is basically the same; however, the in-depth
response, up lo 1.U-inch, is consistently lower than the ESM which is most probably due

to the differences in expansion and/or the development of the air-gaps.

Sample E which is RTV-577 with ceramic micioballons and inorganic fibers (Figure 33)
was tested with the previous sample in the right sting arm, RTV-577 is basically RTV-560
without the iron-oxide. Post-lest photographs show that this model experienced'vcry little
expansion (0.052™ and that the apparent ch'ari ddpfh ris considerably less than that of any
of tha other models. As can be scen from the top view photograph some cracking of the

surface char layer and foaming did occur. In addition, it appears that son.. local melting
4-53
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occurred at the intzrface of the RSI holder and the RTV-577 szmples. Despite this, the
low expansion, char retention and relatively small char deptt >f this male rial, along with
its temperature performance, which is similar to that of the ESM, indicates this material

is a primary candidate for the cure-in-place repair material,

The final model tested was RTV-560 with inorganic spheres (Figure 36). Measurements
indicate this model expanded about 0. 20-inch and as can be seen in the photographs seme
cracking of the surface char and shght foaming did occur. TZe char depth of this modei is
considerably larger than that of the RTV-577 model. It has zporoximately the same char
depth (0.75') that is evident on the ESM sampks. Ho'wevct'. mlike the ESM samples, a
crack between the char and remaining virgin material is apparent from u;e sectioned view
of this model. The models temperature performance is descnibed on Figure 36D, and
comparison of this data to the measurements from the other szmples shows that the shallower

T/C's responded more like the ESM, rather than the other modified RTV-C60 models.

Conclusions and Recommendations

The backface temperature response data of all models showed that uny of the tested

samples would adequately limit the structure temperature rise. However, based on the
expansion characteristics, char depth, char retention, and the materiais ability to resist
fracturing, two of the materials, ESM-1004AP (Samples Bi a=d B2) and RTV-377 {Sample
E), outperformed the other candidates for this enviidr{méﬁt. ‘RTV-577L was selected for the

cure-in-place ablator on the basis of this performance data,

A summary chart which briefly defines the test results (lemperature rise, weight loss,

and expansion) is presented in Table 17.

Subsequent testing (channel flow) at NASA-JSC is scheduled for larger samples to

determine the performance repeutability of the material (RTV-577E and a similarly filled

RTV-560E model), under a high shear environment channel flow configuration.
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TABLE L7. SHUTTLE TILE REPAIR KIT TEST RESULTS

Fxpansion  \Wt. Loss

Materfal Sample at Model (grams)

Test Results -

RTV=560 A 0.5007" 18.8 Beth samples exhibited excessive swelling, as

A2 0.371" 11,3 expected, Sample Al had a mushroom shaped
char at comnle’ of test, however loss of sub-
laver char ma ve been a recult of sting arm
vidrations. B, -{ace (8™ 1/C showed no siyg-
nifcant therm  penetration (AT~8,0” i 630 sec).

TSM-1004AP B1 0.117 6.3 Both samples cxhibited stight swelling and re-
B2 0,110 . 6.9 ©  tained char layer. Minimal cracking of char in

near surfice layer observed. RSI holder (32)
appears tohave-experienced some mélt at ESM/
RS interface. Test shutdown (due to oxygen
loss) occurred 424 sec into testing of sample B1
(STP T/C indicated ~3° temperature rise). Time
lapse grealer than 5 minutes (soak) resulted in
SIP temperature rise~27° pricr to sample in-
sertion for completion of 600 °-: test pericd.
Final temperature rise abou. ... Sample B2
was tested for 600 sec (continuously) - mea-
sured temperature rise was 5°, Comparison -
of the first 4u0 seconds for each sample irdi-
cates similar performance.

ESM (Part A) C1 0,3327" 8.5 Expanaion for both samples was less severe than
Cc2 0.2832" 9.3 Al samples Al & A2, Char was retained; however,
both models 7 ppear to have experienced some
melt and had cracks {n the char layer, SIP
temperature rise. (C1Y~-7, t° - C2 (~3.1%),

RTV-560 D 0.2837" 7.5 Test shut-down octurred 110 seconds into test,

W/Ceramic ] Approximctely t minutes passed prior to re-

Microballoons start, Thermocouples responded erratically,
Sample expanpded saomewhat less than pure RTV
models, RSI holder v-acked to a depth of
about 1, 0",

RTV-377 E 0,052" 12. 4 Experienced less exparsion but cracked more

W/Cnaramic than other models, Also, re-solidified foam

nicroballoons was apparant on test sample and RSI holder.
SIP teraperatvre rigse~ 9°,

RTV-560 F 0,2031" 7.8 Sample experienced some cracking in char

W/Quartz layer and slight foaming. Expansion was less

Spheres than that observed for samples A1 & A2, SIP
temperature rise ~ 10°,

USSR S SR VAP WP PRRE LS
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TEST ™ RSI HOLDER
MATERIAL
“-—; 375" ‘.’ ' |
WATER-COOLED 2.0° ' SOFT INSULATION
HOLDER I 4 o - (DYNA FIBER)
THERMOCOUPLE DEPTH 4
25" —e —f === f
50— — T A=t —

1.0" —» SR R B 2.0"
T T
SIP —p =
ALSTR ————» x> i-— —|
[T e
A.A N ‘7500 |

CR-AL THERMOCOUPLES
INSTALLED PARALLEL
TO SURFACE

NOTE: S!P- NOMEX FELT

Figure 25, Test Moedel Definition
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THERMAL DIEFUSIVITY (o) — FT-2SEC

® ppsi = 9 LB/FT3
® pgsm = 36 LB/FT3
104 — © pRTV = 87 LB/FT3

ESM 10044p
\
¥ ~— RTV560
106 ) 1 1 1 1 ]
0 500 1000 1500 2000 2500 3000

TEMPERATURE — °F

Figure 28, Thermal Diffusivity Comparison
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A. PRETEST ' B. POST TEST

SAMNE D - Riv-8el

j! o Eaanl IONCRA 00N
i REPTH, REPIY
1 © starack (AN
si Ve & STRUCTURE
ot o
21 X Lo
!
_’i s s s R
=Y
)
“3i
e
o
Poror oot b I
C. POST TEST {SECTIONED) 0. THERMOCOUPLE DATA

Figure 34. Model D Photographs and Thermocouple Data
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Fgure 37,

Reserved for late ablation tesis; data
not available.



1.3.5 PROTURTY EVALUA PIONS

Pre-Cured Ablator Bond Test

The objective of thi= task was 1o determine bond capat . lity of the selected ablator-—ured-

in-place bond interface.

N sertes of anwise (butty wensle strength tests were ¢ opdacted uzing the selected -
tator and the cure i -nlhace bond wouterals to determine the bond strengths of the ablossr
cure-in-place abinter ot elovated temperature. This test matrin is shown as Table 18, and

the 'spccimen configuration &s Figure 38,

The test data for RTV-360E and RTV-577E berded to “SM 1004 AP s listed in Tatles
19 and 20 and plotted on Figures 39 and 40.  The failure mudes were primarily adhesive o
the ESM 1094 AP at room lemperature with loads in excess of the 40 psi requirement. Post-

v

test photos are shown as Figure 41.

Cure-in-Pluce Ablator Bond Tesis

The objective of this task was o investigate bond strengths of the cure-in-place abXtor

and associnted substrates.

The mechanical properties determined were bond strengzth (butt teasile) to substvate con-

ditions 1dentified by NASA-JSC. The test matyix is shown in Tuble 21,

The test data for RTV-560E and RTV-577E bonded to GFE PTV-560/SIP i listed in
Tabies 22 and 23, and is plotted in Figures 39 and 49 The failure mades for bota repuair
materials -vere mixed: :dhesive to the RTV-560 coated SIP and cohesive in the SIP, In
almost all cases of adhesive failuve, post-test observations indicated ripping of the SIP s
well, undoubtedly leading to the tow level failure stress. Acditional specimens were thes
fabricated of R1'V-560E bonded 10 2 well-cured RTV-560 surface only. Tests al 150°F ro-
sulted in an average failure load of @9 psi (Table 24). This data point is plotted on Figure
39 for comparisor and indicates that SIP strenpth is the limi.r'.ing factor.  Post-test photos of

the SIP tests are shown as Figure 42,

Test data for RTV-5360E and RTV-577E bonded to GFE HRSE tile is listed in Tables %5
and 26, and plotted in Tigures 39 and 40. The failure mod. for RTV-560E was 1007, cohesive

in the tile near the bond interface with the exception of specimen no. 14 at 40°F where fufiu ~e

Teat



also occurred in the center of the tile specimen. ‘The fallure mode for RTV-5377E specimens
was primariiy cohesive in the tle; however, as a result of higher viscosity and poorer wetting
several of the spezunens also exhibiwd adhestve failure to the tile, ‘The post-test shotopraphs

are shown as Figure 43,

Tre spectmen configurations tn all cases were identical o that shown In Figure 338, with
the RTV-360 TIP or the tile in place of the ESM.  The specimen {low plan Is shown in Fipure
4.

1.3.6 SELECTI0 MATERIAL AND ALTERNATES

A faaly o f repair materials based upon RTV-577 and R'TV -560 have Leen identified to

mecet the following requirements:

2. A cure-in-place ablator has been developed to maintain the structure below 3530
during cntry,

b.  The material may be easily applied via caulking gun approaches.

¢. Gelladon in the 15 {0 30 minule range in vacuum as initially suecified.
d.  Cures of 21 hours pruvide 40 psi strength or greater,

¢. The care-in-place may be used as the pre-cured ablator adhesive.

The sclected cure-in-place material Is RTV-577E, a fiber, microsphere filled R 'Y -577.
The material kas successfully met the ablation test requirements, exceeds 40 psi flatwixe
tensile streagth to th - pre-curad ablator and to RTV-560, and provides suffleient viscosity 1o
prevent flow into the remaining (lk" joints, While the viscosity of RTV-577E is very high,

flow in the mixer-applicator does not Indicate this to be a problem,

Investigation of RTV-577/RTV-511 blends (with fillers) should be pursued to provide

viscosity control or optimization If required for mixer-applicator effectiveness.

+-71
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TABLE 13,

FLATWISE TENSILE TESTS

Test Temp F*

Number of Specimens

Comments

10

LR

~1

|92 I |

Assess Failure Mode

as well as

Uldmate Streageth

*15 minule soak at temperature prior to test
** 5 EA RTV-G60E & RTV-57TE

TABLE 19, BUTT TI'ENSILE TESTS RTVEGOE TO ESM 1004-AD

Failure Made

Specimen Temp. o ~ngth (pst) Adhesive 560F to Cohesive 1004-AP
No. ('F) 1004-AP at Interface
1 40 83.7 100 0
2 " 92.8 100 0
3 ' 116.0 S0 20
1 " 1¢1.0 Jo T0
) " 101.5 5 20

N0 4 s e
6 150 518 100 0
7 " 2.2 100 ]
8 " 6.5 100 ]
9 " (v, 0 Q3] 1
10 " 57.3 100 0
XN51.25D 5.2
11 350 35,8 100 0
12 " 196 99 1
13 ' 1.3 100 0
14 o 27.4 100 0
15 " 15,0 100 0
N20.88D 8.5




TABLE 20. BUTT TENSILE TESTS RTV-577E BONDED I'O ESM-1004-AP

TFallure Mode

Specimen Temp, Strength Adhcsive 577E to 1004-AP
No. (°F) (psi)
1 40 65.5 1007
2 ' 30. 38 "
3 " 65.3 "
4 " 68.2 "
5 " 32.1 v
X 66.4 SD 10,2
1 150 57.0 100%
2 " 72.1 ”
3 " 15. 4 "
4 " 50.0 "
3 " 50. 1 "
XN54.98D10.5
1 350 32,0 100%
2 ” 29.5 "
3 " 42.7 "
4 " 46. 8 "
5 " 2.4 "
X 38.78D 7.5
TABLE 21, BOND STRENGTH TEST MATRIX
Number of Butt Tensile Tests at Temp
Substrate 10°'F 75°F 150°F 250°F 350°F
SIP/RTV-560/RTV-5G0E R 3 3 3 3
SIP/RTV-560/RTV-~57TTE 3 3 3 3 3
RTV-560/RTV-5G0E 3
Tile Machine Surface) to . 3 3 3 ,,
RTV-5G0E ' ' °
RTV-577E ) 3 3 3 3
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TABLE 22. BUTT TENSILE TESTS - RTV 360E BOND TO SIP/RT\

Fallure Mode

Specimen Temp, Break Stress Adhesive- Cohesive-
No. (*F) (psl) SGOE to 560 SIP Coating SIp
2 40 27.2 100% 0
7 " 41.8 10% 207y
12 " 29.7 0 1005

X32.9SD 78
1 75 25.0 1007 oY
6 " 27.5 90 10
11 " 32,7 0 100
X 28.45D 3.9
5 150 23.8 1007% 0y
10 " 28.1 0 100
15 " 24.3 75 5
X 25.4 80 2.4
3 250 19.7 100% 0%
8 " 26.6 20 30
13 " 20.1 0 100
X 22.18D3.9
4 350 18.5 100%. o%
9 " 22.4 20 10
4 " 20.0 100 0

X 20.3SD 2.0
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TABLE 23. BUTT TENSILE TESTS - RTV 577E BOND TO SIP/56G0

Failure Mode
Specimen Temp. Break Stress Adhesive-SIP Adhesive-577(E)
No. (°F) {psi) to 360 coat to 560
2 40 36.0 15% 85%
7 " 32.9 2 938
12 " 235.9 30 70
X 32.6SD 3.6
1 75 35.7 35 5
" 33.7 70 30
11 " 28.3 10 60
X 32.6SD J.8
i 3 150 26.5 90 10
8 " 28.4 30 70
13 " 23.8 0 100
X 26.25D 2.3
4 250 19.8 10 90
9 " 22.0 10 90
14 " 21,2 80 20
X 21.68D 1,1
5 350 20.7 0 100
10 " 18.7 10 90
15 " 19.6 5 95
X1'9,7SD 1.0

TABLE 24. BUTT TENSILES - RTV 560E BONDED TO RTV 560

(RTV-560 cured 4 hrs @ 160°F, RTV-560E cured 24 hrs at R.T.)
: Specinen
: No. Strength (psi) Failure Mode
1 137 100%, adhesive, 5G0E to 560
2 79 100% adhesive, 560E to 560
3 99 1007 adhesive, 560E to 560
4 97 100% adhesive. 560F to 560
5 83 100% adhesive, SGOE to 560
X 99
SD 23
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TABLE 25. BUTT TENSILE TESTS - RTVS60E TGO HRSI TILE

Failure Mode

Spcecimen Temp. Strength Cohesive in Tile

No. (°F) (psi) Cohesive ir Tile (at interface)
4 40° 6.0 0 100
9 " 5.3 0 "

14 " 8.1 70 30

X6.5SD 1.5

10 75 4.0 0 100

15 " 5.3 0 "
6 «

X4.7SD 0.9
3 150 11,2 0 100
8 " 16.5 0 "
13 " 13.3 0 "
X13.7S8D 2.7
2 250 3.5 0 100
(1] * - -
. 12 " 4.8 0 100

X4.23D0.9

1 350 5.4 0 100
5 " 3.5 0 "
11 " 2.5 0 "

X3.8SD 1.5

*-Failed while loading onto arips,
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TABLE 26. BUTT TENSILE TESTS - RTV 577FE BOND TO HRSI TILE

Failure Mode

Specimen Temp. _ Break Stress Adhesive-577E Cohesive in
No. (°F) (psi) to Tile Tile
2 40 23.5 0 1007
7 " 13.1 0 "
12 " 11.1 0 '
X 15.98Ds.7
1 75 3.6 0 1097
" 11‘8 0 Y
11 " 11.7 0 '
X9.0SD 4.7
3 150 12.0 0 1007
8 " 12.9 5 95
13 " 19.9 0 100

X 14.9SD 4.3

4 250 10.9 0 100,
9 " 11.7 5 95
; 14 " 12.5 5 93
X11.75D 0.8
5 350 10. 4 100%. 0
| 10 " 8.6 50 50
15 " 15.1 0 100

X 11.4SD 3.4
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RTV. 560 CURE-IN-PLACE ABLATOR, 1" x 1" x 0.25"

ALUMINUM ALUMINUM
LOAD LOAD
BLOCK B8LOCK

P v -
e e T R p—

Figure 38. Test Specimen Butt Tensile (ESM/Curce-in-Place Ablator)
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aenlm e e | s

RTV-560E/ESM 1004AP RTV-577E/ ESM 1004AP
Figure 41. RTV-560E, RTV-577E/ESM 1004AP Post Test Butt Tensile Specimens

RTVST7E/RTV 560, SIP RTV-560E/RTV 560, SIP
~ 8,
2%,
Q¢
P o
)7
‘C- “a
KA Figure 42. RTV-560/SIP Butt Tensile Post Test Specimens
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b

RTV-560E/SILICA TILE RTV-577€/SILICA T'LE

Figure 43. RTV-560E, RTV-577E/Tile Post Test Butt Tensile Specimens

ALUMINUM E™ RTV-560/s1P TLE
FIRSTSTAGEBOND 5Ol VENTWIPE  VACUUM VACUUM {BCND 180 GRIT SAND

GRIT BLAST SOLVENT WIPE SIP SIDE) VACUUM

WATER WASH DRY

AIR DRY

PRIME

(. ] L ‘ ]
BOND WITH RTV-560

ROGOM TEMP. CURE

SECOND STAGE BOND ALUMINUM ESM RTV-560/51P TILE
SAME VACUUM SOLVENT WIPE 180 GRIT SAND
RTV-560 (REMOVE VACUUM

FINGER PRINTS)

I_T._JL‘- ]

BOND WITH 1/4 INCH REPAIR MATERIAL
TEST AT 24 HOURS

Figure 44, Bond Test Preparation Flow Plan



4.4 REPAIR KIT

The objective of this task was to establish reguirements and perform a conecptuai design
of the repair kit with major »mphasis on the develenment, fabrication, and evaluaticn of a
dispenser mechanism for applyiny the carc-in-place anator,  The repair kit is comprised
of the dispenser, ablator materials (pre-cured and cured-in-placey, other tocls and prepar-
ation materials, the thermal contr~1 equipment and the storage cantiiner which interface =
mechanically and electrically with the shuttle and’/or shuttle /EVA work station (3) to be
defined by NASA.  As part of this task, a very limited scope assessmient of the containe=, it-
thermal control approach, and a preliminary weight estimate was performed. Other toc - .and
items requircd for the repair kit were not specifically studied; however, some specifie needs

and approaches evolved from consideration of repair procedures,
4.4.1 DISPENSER CONCEPTS AND TRADE OFFS

The objectives of this task was to sereen a broad range of possible dispenser concepts,
examine two in more detail, and then sclect one for design ond evaluation.  The dispenser
design effort was conducted in parallel with the curc-in-place ablator development task.,  ‘The
candidate resins/catalysts/fillers (discussed fully in Paragraph 4.3) encompassed an extreme-
ly broad range of viscosities and formulations {scc below) which lent an extra measure of

complexity to the concept formulation and breadboard design tasks.

CANDIDATE RESIN MIXTURES

RESINS VISCOSITY CATALYST DILUENT

(POISE) WT RATIO WT RATIO
RTV 560 50,000
KTV 560E 140,000
RTV 577 500, 000
RTV 577E 1,500,000
S.T.0. Stannous Ocloate 0.1-1.0%
DILUENT
SF 96-50 Silicone Fluid 1-10%
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The evolution of the dispenser corcert, as will be discussed in follewing sections,

occurred in the following sequence.

& Scrcening

® Sclect Two
- Static Mixer (Flow Mixer)
- Batch Mixer

. Evaluate Above

e  Select One Concept
- Static Mixer
- Small Disposable (100-125 ir.})
&  Desian Static Mixer
& Design and Fabricote Breadboard
¢ Review Concept at Mid-Term Meeting
¢ Convert to Large Static Mixer (independent of later NASA direction to do same)

-~ 400 in3
-  Throw away Mixer/Nozzle
¢ Provide Wood M/U .0 JSC & Review
= Make Mixer part of body
- Astronaut handles Hose/Valve/Nozzle only
v  Accumulate Breadboard Test Data
¢ Ellminate Throw Away Mixer/Nozzle by:
-  Extending working time
-  Possible lushout if needed
® Design fabricate and test large prototype
&  Final recommended sclution
-~ 40, in3 dispenser
- Tank & Mixer with Hose/Valve/Nozzle
- No throw away parts required
- Verified by prototype test data.

Concept Formulation and Description

The varicus mixing and application concepts can be divided into two basic categorics.
In the first, the resin and cataly :t are first theroughly mixed together, and the mixture is
extruded thru a nozzle into the repair arca. In the second category, the catalyst and resir,
In measured ratio are forced through a mixing cevice to the nozzle and onto the repair 4rea.

A schematic of the static mixer cencept is shown in Figure 15.

T-ble 27 I'sts some of the concepts initially considered, and some general comments o3
to their suitability. These were narrowed down to two: one the axial piston batch mixer;

and second, the contiruous flow/mixer. Conceptual designs of each are described below,
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volumetric ratio of the catalyst ard the resin. The pistonc are dircctly connected to cach

Concept No. 1 - The mix and extrude concept is llustrated by the design depicted on Figure
16. The resin is stored in a chamber which incorporated the cylinder, a mixing and expelling

i
I
!

piston assembly and a lead sciew. The 'p'l'srton consists of two members both having a pattemn ' } e
of holes passing thru them. The upper member is pérm:mcntly fastencd to the cperating !
i

rod (and handle). The lower which also hqs paddle like vanes, is fastened by a bearing to the :

upper member and rides on the lead screw. The catalyst is introduced either from a ruptur-
Ing bay stored In the pistons or by an ¢xtermal syringe inserted hypodermically thru a rubber
plug in the upper cap. Mixing is accomplished by moving the piston up and down., The resin *s
mixture s foreed thru the holes in the pistons while It is further agitated by the rotation nf
the lower piston and its vanes. Extrusion of the mixture is accomplished by pulling the
blston fully up and then rotating it cl_og_k\flsc_. A ratchet between the two pistons locks them
in a relative pbsition ;o t.h'at noné 'or' the holes In one piston align with those in the other. The
pistons are driven down by the lead screw. This conceptual design roquires that mixing and
extrusion power be mz}.nunll')' supplied by the operator.

Concept Nb. 2 - The mix during extrusion concept is illustrated by the design deplcted In Fig-
urc 47. Two cylinders are arranged concentrically; and the piston arcas are In the required

other thru a tower arrangemeont. Pressurizing the uppor side of the resin plston drives both
pistons downward. This action fceds catalyst and rcsin, In tho correct proporiion, to a
‘abyrinth type static mixing assembly. This assembly consists of corrugations welded to-
gether in a serles and alternately civssed to provide many repeated divisions of the flow
pattern to provide good mixing. Flow is controlled by a vatve placed between the mixer and
the nozzle. The two baslc concepts are compared In Table 28,

“Other sccond tier trades that wore conductod arc described below,
a. Manual vs. Automatic Opcration — Although the astronaut is capable of performing

various tasks, it was considerced that an automatic or at worst semi-automatic
dispensing system should be utilized. ,

b. Electric vs. Pneumatic Power — The decisioz to use the MMU EVA concept negates
consideration of clectric power unless from batteries included with the dispenser.
Pneumatic power was sclected for porforming the automated mixing and dispensing
functioas. The spocific source of pneumatic power is still under study:

1. Compressed gas blow down and regulator
2. Multi-phase vapor boil-off.




c. Piston vs, Bladder Expulsion — The plston method for expulsion is far simpler than
a bladd>r mothod (fabric or mectallic) especlally when a pass-thru for mechanleal
mixing/stirring must be provided. !

d. Flow Control - Metering Valve vs. Pressure Control — A metering flow control ; v
valve at the noz=le Is a more positive method of control and was selected over con- :
trolling extruding pressure,

4.4.2 SELECTED MIXER-APPLICATOR APPROACHES

The "mix during extrusior" s‘u}'urcrmlxcr concept was chosen for its greater simplicity
and operating flexibility. This concept pcrmits the use of small "throw-away" dispensers, or
a large dispenser with "throw-away'' mixer-nozzle assemblies. As an alternative to the
throw away mixer-nozzle, the mixer-nozzle assemblv can be kept clear over an extended
period of time well in excoss of the pot life by ‘srchodisllng periodic flowing of the mixture to
avold setting up In the mixer or nozzle. 'I‘his latter scheme trades "wasting” materlal in
Ueu of requiring operator s3scembly/disassembly functions and carrying spare mixers to the
work site. Since the later also wabtos m:itbrlal. the spare clements actually provide no

advantage.

Thus the trade off studies resulted in the adoption of a pneumatically operated, continuous
flow system using a static mixer. The pnuumatic actuator continuously meters out resin
and csatalyst In the proper proportion into the mixer. The static inixer will rollat:ly mix
whichevor material is selected and qqnt_h_mogg,!!dlspcnsc it upon operation of the fiow control
valve, The only paramoiorsthat must be séléctui aro the operating pressure and mixer size
which aro a function of the ﬁntﬁﬂal acloctod and flow rate roquired. (This Js discussed in
detail in tho following paraeraph.)

An advantage which occurred from this sclection wus the capability of offering various
options of the concept:

a. Small throw-away type dispensct,
b. Large dispenser ( >1 gal. capaclty) with a replaceable mixer-applicator,
c. Large dispeaser (> 1 ga:.) which when conpled with a slower gelling mate etal, will

be vperable for longer rriods of time, at worst requiring sclf-(lushing with a
fresh mixture of material,
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The breadbeardd design was based on (a), 1 weod munckup provided to NASA during the 6th weck
of the srogram was based on (), and subsequent design and prototypes were based on (e),

1.4.3 BREADBOARD DiSPENSER DESIGN FABRICATION, AMND EVALUATICN

Design

The Deslgn objective of this task was te design the breadboard dispenace model. Sketches
of the uispenser parts and assembly were prevared of sufficient doetal! to germit mbee: tion
and assembly.  The breadboand dispenser reacily disassembled for elemning ater eacn bateh
and prior to setting up of the mixture,  Sirgle point failure and redundant {eatures were not
lncm'porn'wd In the design.  The desym wﬁs éni):lbll‘ of beiagz operuied Ju g vicuum over a

temporature range of 40-120°F.

The abillty to vary catalyst ratlo was Incorporated into the deslgn, and pare: procuved
accordinzly. However, prior to wsssmbly, the catalyst vatio was fixed at approximatedy
10 ;. and the dcslgﬁ mudified to accommedate this ratio, ‘The breadboard dlspenser was sized
to deliver approximately 100 .3, 1t incorporates e concept a3 shown in Figure {7, except
that it utilizes stancard 72 2.3 compreased gas bottics and adjustable pregsure reguiator forv
actuation and rough plumblng and valves, The key features are reai, numely the deal ovlinders

and the static mixer.

Fabricate 8rewdboard Dispenser

‘Ihe object of this task was to fabricate and assemble one dispenser o the sketches pre-
pared in the previous task. Parts were nmanufactured and assembled in the prototype shop.
Identificatien and procurement of long lead itema was expeditiously accomplished, and the
fabrication completed on time. The concentric piston Jispenser and the static mixer parts
arc shown in Figure 48. ‘The pistons with their rods, the metering tube, which separates
the resin and catalyst and the end plates was made of 6061 aluminum and the outer cylinder
of PVC pipe.

All static and dynamic seals employ nitrile (buna-N) O rings; and the end plates were
held by full length tic bolts. Twelve clement mixer assemblies were sclected to mix the
viscous matcrial, These included a one inch diameter unit having 1/8 corrugations,

a 1-1/2 inch diameter unit having 1/4 inch corrugations and a 2 inch diameter unit also with




1/4 inch corrugations. The housings are simply stainiess swel pipe.  The desigm and iabri-

tation tasks included the test set up, Initial problems with loading the RTV, cspecially the

more vizcous 577 sertes resulted b significant air being entrapped in the loading process,

in addition to that inherently trapped during mixing. Alterations ‘o the set up, plus deacrating
the materia! for a mintmum of 4 hours h;ivc helped solve the problem. Essentially, the

degassed resin is "gravity' fed from .ae supply container {nto the storage cylinder, with
the piston in the retracted or fully loaded position. A vacuum pump is connected to a
ourging port in the cyliinder and resin druwn in. When resin beging to enter the vacuum line

(short piece of Tygon), the vacuum is turned off. The inlet valve Is shut off, and the piston

S R T

pressurized (10-20 PSI), if it moves forward and springs back upon pressure venting, then

alr is entrapped. ‘Me piston is pressurized again, and the inlet valve opened to pu
alr,

e out

ot g e
PR SN R
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TABL& 27. MIXING CONCEPTS CONSIDERED

Concept Comments

Rotating Paddle e Difficult to Mix-Must Wipe Tutal Surface
e  Difficult to Expel Around Paddles

e  Limited to Batch Mixing

® Long MixIng Times

Axial Piston 1 ..&_ Better Mixing Than Above

£
i

I P

e  Requires Push/Pull Motion

®  Sccure Mixing Piston & Start Ejcet
Piston (Crewman)

Muxing Chambor e Difficult to Mix Wide Ratios

U ot o

e  Continuous Flow Capability - Easicr

r Static Mlxoﬂ ® Proven Design for Langze Mix Ratios

¢  Proven Design for Lange Viscosity
Ratlos

E e Wk vagl o e T gy
PO PR OA 0N BRI IV

e Continuous Flow-Easler

Iy

Premix & Store @ -40°F
Micro Balloons

Untried Mothods

ot
A S

S ey Y
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TABLE 28. MIXER COMPARISON

Mix and Lxtrude

Mix During Extrusion

E«trusion pressure Is lower.

High viscosity resin makes
mixing energy high.

Entirc mix has single pnt life

Large operator effort during
mixing.

Introduction of catalyst re-

quires a separate step.

Homogencous fnlxing cf iarge
resin/catalyst ratdos re-
quircs long mixing time.

Homogencous mixing of lange
resin/catalyst viscosity
ratios roquires long mixing
timo.

Advantages

]

Simplicity.
Little operator vffort.

Operating flexibility - Pot life applicable
only to resin in mixer and downstream.

Large storage unit can be used with re-

.placement mixers.

Rellable mixing of large resin ‘catalyst

‘ratios (both volumetric and viscosity) have

bevn demonstrated,

Disadvantages

High pressure required for mixing and
oxtrusion.

Container I3 a pressure vessel,

Reliable homogeneous mixing of large
resin/catalyst ratios (volume and/or vis-

coslty) require longer and/or larger mixer

clements,
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Figure 48. Breadboard Dispenséer Parts Photographs
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4.4.4 PROTOTYPE DISPENSER DESIGN AND FARRICATION

As a result of interaction of the mid-term meeting, a decision was made by GE to
emphasize and proceed with a large '3 part" dispenser as compared to-a small disposable

device.

Mcckup Unit

Prior to proceeding with the prototype design and fabricatien, a wood mockup unit was

prepared. This unic as shown in Figure 49was Jelivered 10 NASA JSC during the 6th week

of the progrum. The mockup was reviewed with NASA personnel for operational effectiveness.
- The major change which resulted from the interchange was to make the mixer assembly part

of the dispenser body so that the astronaut only handles ‘the hose, trigger valve, and nozzle.

Functional Prototype Design

The prototype dispenser unit is designed to be representative of a flight design where the
required 1080 cubic inches to be deliverd will be packaged in three large dispensers. The
capacity is nominally 400 in. 3 which is the required 360‘i.n.3 plus the unavailable residual

volume of the mixer and nose/valve/nozzle assembly.

The structure Is désigned primarily to permit quick construction consistent with the
carly demonstration In zero - g flight. Stress levels were kept low to minimize the risk of
—_— fabricating parts beforc or at the same time as they were stress analyzed. The prototype is
- functionally Identical to the flight item but consldc;-;x-bly heavxcr duc to the above constraints.

The prototype dispanser is shown in Figure 50 comprises a concentric two piston
reservoir; a pressurant tank with fill and shut off valves, and a regulator; a static mixer
assembly connected to the reservoir and a hose, valve, and nozzle assembly which provides

flexibility for applying the "curcd in place" ablator-adhesive lo the repair arca.

The twin piston reservoir assembly s sized to displace 360 in.3 plus the volume re-
quired to fill the mixer and hosc-nczzle assembly, estimated at 47 cubic inches. The two

scts of pistons and cylinders are arranged concentrically with the catalyst (10% by volume)

S piston in the center and the annular resin cylindcr on the outside. All static and dynamic

4-%
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seals employ nitrile O-rings. The structurc was designed to contain the highest extrusion
pressuce, which prior to testing was estimated at 500 psi. The design was ta}géted at a

burst pressure of four times this value or a 1,25 x the pressurizing tank pressure.

The pressurizing tank was sized to allow operating at relatively low preSShm. The
pressure was chosen to allow the above described structure to have a 1.25 burst pressure
ratio without an unacceptable structural penalty. The nominal pressure-was set at 2000 psi,
which resulted in a required volume of 139 in3. This requirement was satisfied on a very
short procurement basis by a Pressed Steel Tank Co 3RC 150 HT3 tank of 150 in3, This
tank meets DOT 3HT-3000 requirements wnich rates it for pressures up to 2000 psi when
used in aircraft. The pressurant is N2 and the operation is initiated t?y_op_ening a quick
operating valve. The dispenser pressure is controlled by a regulator having a built in relief

valve.

Static Mixer — The key eclement of the entire concept is the static niixe;; This comprises a
tube containing a device which compels the working substanceé fo travel random labyrinth
paths and thus become mixed together. The pipe contains a number of elements, each of
which is a diameter long. Each element comprises a number of layers of corrugated steel
welded together in a crossed diagonal pattern. The elements, in turn are welded into pairs

at right angles to each other. Twelve elements or six pair were initially selected. The
corrugations of various pitches are also available. One, one and one-half, and two inch mixers
were evaluated to determine the size and mmmber of elements required for adequate mixing

and minimum pressure drop.

Hose, Valve, and Nozzle — The mixer is connected to the valve-nozzle assembly by a four-

foot length of flexible hose. The hose must be capable owaithstanding full pressurization
pressure and must providc an adequate flow path. A nominal 3/4 Inch size, Aeroquip 2208,
double braid, teflon line hose has been chosen for this requirement. This hose offered the
best flexibility and lowest weight of the high pressurebhoses. Its burst strength of 8,000 psi

Is iar in excess of requirements.
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The initial choice of valve is a 3/4-inch plug valve in which a cylindrieal plué, contain-
ing a full flow passage, is rotated 90 degrees off to full on. A "Circle Seal' valve is being
modified to provide a simple hand grip squeeze dead man type of shut of{ A'l‘hc; nozzle isA
simply a transition scction to fan the full flow of the 3/4 in Jine into 20.19 x 1-1/2-inch
flat strip. Initial design and testirg of this design has shown various shortcomings which

need to be corrected, or other concepts must be evolved,

An alternative to this valve is to locate the valve at the exit of the mixer proper. Thus.
the hose does not need to be a high pressure design, and a more flexible and manageable
configuration would result. Howcever, the crewman must operate the valve with one hand
while still mancuvering the nozzle. The most acccptab!erapproaéh can be determined during

cach astronaut training.

The prototype unit was fabricated to the definition of Figure 50, The completed unit is
shown in Figure 51 after several tests, the prototype unit was provided to ﬁASA-JSC for a
KC-135 zero-g test with a fully suited astronaut. Results of this test w=re not available for
the final report, however the demonstration of the unit and crewman training at NASA-JSC

prior to the test was very successful.
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Figure 49. Weod Mockup
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4.4.5 TEST AND EVALUATION OF BREADBOARD AND PROTOTYPE DISPENSERS

Breadboard Dispenser Checkout

Cylinder Assembly — The cylinders and pistons were assembled and leak tested at low pres-
sure. Rework wus accomplished on the outer cylinder ID (PVC pipe) to correct leakage ‘
problems, Subsequent to this, the assembly was proof tested to 380 psi, the nominal %rking

pressure of the pipe. For lab testing, an upper limit pressure of 350 psi was established,

Dispenser Assembly — The entire dispenser was assembled by interconnection of the cyvlinder

assembly to the static mixer and to the filling pressure pot, This piping Installation w-is
modifird several times to correct filling deﬂciencies.. The entire assembly was hyd:e-

statically proof tested to 350 psi.

A trial run was made using a water soluble spackling compound with an apparent vis-
cosity slightly lower than RTV-577, and using water In the catalyst chamber. The unit was
pressurized at 100 psi. The material flowed crratically {entrapped air) although with a
fairly well mixed consistency (lower viscosity, of couise). This trial run gave ihe first
indication that loading procedures had to be rofined (accomplished), subsoquent paragraphs
discuss the test series as tabulated on Table 29,

Breadboard Test Results

Jest Series "A'" — This series utilized a 12-clement (6 palrs) 1-inch dlametor mixer, based
a preliminary analyses for the material viscosities to be used. Materials tested were
RTV-5G0E and 577 blended ("E™) and unblendod, and with and without catalyst. The basic
gols of this series were to obtain flow data and mixing efficlencics for the various materials,
which represented a very wide range of viscosities. An carly test run using RTV-560 as tho
“catalyst" In order to obtain visual indication of ;nlxlng showed excellent results with both

12 and 10 elements (G and 5 palrs) (sec Figure 53). The addition of blend increased the
pressure required for flow, while the addition of 70%. diluent (with /without hnrdeneﬂ in-
creased flow rate ~ 1.6 times for any of the materials wsted. Some unexpected results were
observed as listed below:

a.  S77E and 5G0E appear to flow at the same rate at high pressure >250 psi - most
likely due to the increase in thixotropic behavior of the basic 571.
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b. RTV-577 flows better than 5608 which is 1/3 as viscous, most likely for the same
reason as above, :

c. All materials tested behaved with an apparent viscosity much lower than the pre-

dictions for laminar flow at low flow rates of the "calculated" newtonlan fluids,

These results are plotted on Figure 32 showing pood behavior with the flow rate pro-
portional !5 pressure. The calculated flow data for newtonlan fluids Is also shown for com -
parison. A pressure gage In th> manilid block at the cntrance to the mixer was used for
pressure drop measurements in the mixer unit, The AP appearced to be 2519 psi f:uu;c at the
5-10 in3/min rates. However the accuracy of the data Wwas coarsc becnuse of clogging and
partial curing of material in the zage and its port, No fi rthep attempts were mﬁde to
Instrument the flow {cylinder pressure was u.scd). Flow measumtpgnt_s werc made by col-

lecting a weighed sample over a timed run,

MIixing effectiveness was evaluated visually and by hardness measurements. Hardness
mecasured sbout 55 + 10 durometer for specimens catalyzed, and was quite uniform ﬁxmugh-
out any one specimen. All specimens were cured at robm temperature. bhe half inch long
sleeves were inserted at the 4th and 5th mixer palr exits to mecasurc hardness on one run

with RTV-577. These coupons measured 40 and 50 durometer respectively,

During the last test run of this scrics, made in the presence of Dr., Leger, NASA-JsC,
two tilo cavitics wcre filled, onc with RTV-5GOE and onc with RTV-577E. " The eavities had
Raps to simulatod adjacent tiles of 0. 050 and 0, 12 inch, in order to determine if the material
would flow Int~ them. The 5GOE did partially flow into the gaps, v;hcnas the 577E was con-
fined » the basic cavity. The mold line resteration or leveling technﬂ;ue using a plastic
shee! was also demonstrated.  Set times were about 2 hours for RTV-550E and about 30
minutes for 577E, '

_> -8t Series B — This scrics was conducted using the 1-1/2 x 1/4 inch cell mixer in order
to increase flow and reduce pressures. it also included the use of black dye (Nigrosinc) in
tho catalyst as a visual indicator. The test with ¢ pairs (12 clements) showed poor mixing,
Thevefore one more pair of clements was added, resulting in better mixing, but not suf-

ficiently uniform to be considered good. Nonctheless, hardness measurements in both the
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the light gray and dark gray areas representing low and high catalyst concentrations, indi-
cataed durometer readings in the 45 to 55 range. No flow data was recorded because of the

""poor'’ mix.

Test Series ""C'" — This series attempted to combine the good mixing characteristics of 1-'

inch elements with the low AP characteristics of 1-1/2-Inch larger cell elements.. A two- -
stage mixer was configured, consisting of three 1-inch elements in series with flve 1-1/2-
inch elcments, with the 1-inch elements at the inlet end of the mixer. The mixing wus év-
cellent and of uniform color throughout the entire pour and the flow ratc exceeded 20 in3/'min

at 250 psi.

In this lest series, a pour was made into a hard vncuuﬁx. with the dispensér at ambient.
Mixing was excellent again. The resin was deaerated with a roughing pump for 20 hours,
prior to loading into the dlspensc. and after the dispenser was connected to the vacuum
chamber, the mixer and all downstream interconnections were also vacuated. A 3-inch
deep container was filled and the flow observed thru a viewing port. The material was .
observed to outgas both visually and from the pressure (fon) gage on the vacuum chamber.
The sample was removed after 44 hoars of 10-5 torr vacuum. It had a fairly flat and uniform
surface. Sections thru the material showed a closed cell structure with the ceils fairly unl-
ferm In size between 1/8-1/4-inch in diameter, The material cured well (see phots in
Figure 20), ' ’

Test Series '"D'" — This was an attempt to optimize flow/mix by reducing the number of elc-
ments to 2-1"" x 4-1-1/2". Mixing was inadequate.

Prototype Test Results

Test Series "E" — Prototype Testing — This serles was the first test of the prototype Als-

penser in preparation for the zcro-g flight tesis on a K -135 airplane with a suited crewman.

The purpose was to obtain flow data, mixing effectiveness and flow vs, dwell time (work-
ing timc). The 2 stage mixer was refinad by reraoving one 1-1/2-Inch clement pair. The
results showed excellent mixing ard flow, althuugh the flow rates were slightly lower than
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for the breadboard even though one element pair was removed. This was attributed to
greater pressure drop in the dispenser prog .t because:

a. Larger mass being moved (1-1/2 gal. unit vs. 163 in3)

b. Different plumbing configuration (more bends)

c. More force required to move larger pistons

The flow data is shown plotted on F
250 psl.

Igure 52, indicating that 20 in3/min can be extruded at

The second part of the test, which was one continuous test run, was to let the catalyzed

material sit in the mixer for a time period, and restart the flow ¢

atching i Tlow rate sample
of about 1 in3,

The data shows that the materfal will flow at a constant rate after repe
dwell timoe periods of 15 minutes with ~ 0.2% catalyst (STO) to resin concentration,

ated

The effect of 1oversing the mixer assembly (large clements at the inlet end) resulted in

poor mixing,

Other Prctotype Testis

As part of the flight certification, the storage container assembly was subjected to a

hydrostatic pressurc proof test of 1200 psi, first on the inlet (igh pressire) side and then

on the resin (low pressure) side. Photographs of the proof test are shown in Figure 33A and
tha Enginccring Test Report 's Ffovlded in thum 53B, 7 ‘.. f e .

Conclusions
=bac’usions

The one Inch diameter/six element pair tests all exhibited good mixina as determined

by the absence of dye streaks in the cffluent and by the uniformity of ""Hockey Puck" samples.

The pressure drop versus flow performance is shown {n Flgure 52 for various candidate

materials. This plot also includes calculated performance for Noewtonlal fluids of various

viscosities, The results show that the 577E viscosity was measured as 1,400,000 centi-

polses, while the test results suggest a value of 100, 000 to 150,000 C. P. Since the material

contains substantial amounts of three differcnt fillers, the apparent non-newtonisn behavior

{8 not surprising.
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The esults with the 1-1/2-inch mixer showed that inadequate mixing took place within

the 21" coustralnt in length. Therefore a two stage mixer was configured which provided the ,

good mixing of the 1-inch elements with the lower pressure drops of the larger unit,

Hardness measurements of the various hockey puck samples collected during all of

these tests showed a hardness of 45-65 durometer range after several days.

Overall, the tests have proven the effectiveness of the dispenser concept in mixing and -
cperational characteristics. Extensive data has been accumulated for final dispenser
design. A hybrid 2-stage mixer consisting of four 1-1/2-Inch clements in serics with

three 1-inch element paris performs satisfaciory and conyvistent mixing while axtruding the

material (5377E) at a moderate pressure for a tavget flow rate of 20 in3/min.  The one test

n a vacuum also showed excellent flow characteristics. The material cured with porous
structure, but did not rise above the cavity., It is likely that the majority of the bubles were
from entrapped air in the resin, which had been air blendcd and evacuated \ddz 2 roughing
pump (28" vacuum) for about 20 hours. A fully degassed matertal will most likely be less

porous.

The dwell time tests demonstrated that the "3 part" dispenser as configured in our proto-
type design permits the utliization of the large container concept, ensbling the crcwman to
w » the mixer intermlitently while performing other relatad repair tasks.
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FLOW, INS/MIN

¢ BREADBOARD DISPENSER EXCEPT AS NOTED
® DATA — TWELVE 1" ELEMENTS EXCEPT AS NOTED

O 3x17+5x1-1/2" (BREADBOARD)

A 3x1"+4x11/2' (PROTOTYPE)

0 1 | I 1 1 ] ]
100 200 300 400 500

PISTON PRESSURE, LB/IN2

Figure 52, Static Mixer Tests
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a MIXED MATERIAL

b. SIDE VIEW OF MIXER ELEMENTS

NOTE: WHITE 577E ON SIDES IS
RESULT OF REMOVAL FROM
TURE

c. END VIEW OF MIXER ELEMENTS

Figure 53. Mixing Demonstration from B/B Test Run 3
(577E with RTV-560 in Catalyst Tube)
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Figure 53A. Proof Test of Prototype Dispenser

ler Erd

Cyl

Piston Side
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ENGINEERING TEST REPORT
8245

OP{SATION
RSN Sk S < el SORFRICy S —

I, COAMPONINT NAME DISPENSER
PART, DWG. NO. —_— T
MIRR OR SUPPLILR LE-RESD

B

—— —~—

T A BT SR g T, B TR AL e xSk, ew—

lil(ln\_ tilvamin

REACT no P45 KR-6
pare IT-7-7%

A .

2. QUANTITY TISTED T
QUANTITY SAHISFACTORY _ —

QUANNITY NAniACIORY
“indicate Ser.ol No't v Par. 7

r— —

3 RULRENCE (Requeried By)
D. Ramos - R4F

To aubject a prototype

PROCF PRESSURE TieT l 3 PIVIOUS 1T PO RS

SYSHM ACOU NG T
PROCIT MO,

LRI RS

Jinpenser to o hydrastat;c

Proof presaure of 1200 +50,-0 rsi1C

7. MEINST OF 1551 & SUAGWLARY o RLSULTS

TEST A -

consisted of ({1lyng the dispenser with water and o

hydrastatic tesat rump (Rlchard Dudgeon Tnc., Model QA)
to 1200 PSIG for 5 minutes at a4 rate of lens than

400 PSI,'min,
TEST B -

consisted of filling the dispenser with water and

Pressurized the catalyse and resin f,1) Ports simyl-
tansously to 1200 PSIG for S minutes at a rate of

lesn than 400 PSS! ’mip,
RESULTS -

e — — e — -

No visible or obvious degradation or leaka,e was ob-
served while the dispenascr was rressurtzead op
the post tost visible tnspection.,

during

8 CONCIUSICNS & 1S ST HOATIONS

The prototype Jdinpenser deaign 1 ttrocturally

pressurce of 1200 rstia,

—
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Fliure 53B. Test Report
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Figure 54.

¢

cadd

MIXER

—ugro VACUUM

Vacuum Curc Demonstration, Brecadboard Run 12
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4.4.6 STORAGE CONTAINER ASSESSMENT

4.4.5.1 Design and Packaging Assessment

The sterage contalner 13 mounted in the Payload Bay and 13 designed to package the pre-
cured ablator sheets, the applicator with tic cure-in-place ablator, emittance repalr agent,

and wols needed for the repair procedure.

The storage container assembly wili consist of a structural box and a thermal protection
system consisting of thermal blankets and active heaters,  Table 30 lists estimated weights

and volume. Tabil: 31 st repalr kit welght estimates,

The storage contutner design concept is an enclosure where sides are made of honey -
comb panels. ‘>0 separators arc on the inside to provide three storage comvartments.
It iz pranned that the structural Interface connection to the Orbltor fusclage will be made at
the separator locations, Venting provisic 's are to be Incorporated to avold crideal design

loading from pressure changes.

The storage box overall size and genoral arrangement is shown In Figure 55, For
operational, thermal and structural rcasons the box is partitdonced Into thr~o cavitles. A
dispenser and packages of precured ablator sheetls are packaged in cach cavity. The dis -
pensuery, precast ablator kits and tools arc secured to remnin packayed in the contatner
untll uncinched for use. Figure 56 shows an arrangement and indx of precured blecks which
are held togethor by a light, fexible bag, Figuro 57 shows an arrangement of tile intratics

that can be readily derached,

The thermosl protection system to maintain 100°F + 10° Jaslhde the storage coatalner is
accomplished by using a multi-layer insulation (MLI) blanket on the outside of the structural

bex and resistance wire heaters with theemocouples on the inside surface.

The internal heaicrs are then wilicone rubber sheets with imbedded wires. These are
attached to the Instde wali of Se Box o ive g uniform heat o the repair kit.  The heaters

arc controlled by thermostais (o be lecated by analysis and tests,
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TABLE 30. STORAGE CONTAINER WEIGHT ESTIMATE

Box Sandwich Area (No Cover)

Front 26" x 38" = 9881n°  ¢.86 ft2

Back 26" x 38" = 4988 G.86

Ends (26 x 21)2 - 1092 7.58

Bottom 21 x 38 = 798 5.54

26.54
Honeycomb Sandwich
i

Outerskin 8 mils. (. 0144 1b/ft_/mil) 26.84 = 3.1 (8.5

Innerskin 4 mils. (. 0144 1b/ft”/mil) 26.84 = 1.5

Core - GL. Fabric 0.2 (26. 84) = 5.4

Bond - 2 pls. 0.2 (26.84) =5.4

Stiff. & Relnfmt, @ 20% =3.1
Handholds & Tledowns 4.5
Interface Attachment 2.0
Thermal Control

MLI Blanket 5.0 TS5

Heaters & Hamess 2.0

Velcro Attachmt. 0.5
Block and Tile Bags & Lanyards 2.5

Total 35 1bs
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TABLE 31. REPAIR KIT WEIGHT ESTIMATE

Item wt, 1b

1) Precured Ablator (ESM 1004 AP) 132.0
3.75 13 @ 35 Ib/ft3

2) Curec-ln-place Ablator (RTV 577E) 48.0
1200 In3 @ 59. 2 1b/ft3

3) Emittance Agent (GFE) 20.0
4) Dispensers 105.0
3@351b
5) Tools 1.0
6) Thermal Control & Connector 2.0
T) Stockage Contalner 35.0
343

NOTES:

e Item (1) can be reduced by lower # ESM for sublayers

e Item (2) can bo roduced by accounting {or foamnd density
{~50 1b/ft3) expected when applied
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Figure 55. Storage Container
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Figure 56. Precured Block and Tile Package




BREAKABLE TAPE i

i

| BLOCKS ARE TETHERED ’
TO EACH OTHER

AND TO STOWAGE BAG

B LT T SR
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Figure 57. Precured Block Stowage Bag
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Thermal Ccntrol Assessment

The utilization of the repair materials, especially the cure-in-place materfal, requires

controlled temperatures for adequate working life and to assure adequate cure and pe

ance. The general approach to this problem was to: ‘

rform-

a. Store in the storage containers at suff'ciently high temperature to allo'y some cool-

Ing while performing subsequent operations. For Initial purposes the storage ‘em-
perature was established as 100°F £10.

b.  Minimize temperature decay during EVA by passive techniques (no powrr available),

¢. Provide adequate temperature in repalr area by Initial temperature of the inserted
material, spacecraft attitude control, and structural heat sources.

These thermal control concepts are summarized in Figure 58 and discussed in the following
sections:

Storage Container Control

— The thermal environment experlenced by the storage container

can range from a direct view of space (Tslnk = 0°R) to direct solar exposure resulting from

certaln orbit/vehicle orientation combinations,

Maintenance of 100°F +10° in the storago contalner is readlly accomplished by use of

thermostatically controlled resistance wire heaters covered with an Insuluting blanket. The

insulating blanket cza be elther: 1) ¢ multilayer radlation barrier Insulation type, or 2) a low

density, low thermal conductlvity foamed or fibrous material type.
insulative materials exist.

Numerous candidate

Two that have a combination of both low density and low thermal

conductivity are Nomex felt and Litaflex. Thermophysical properties of these candidatc

materials are summarized In Table 32. An alternative low welght approach Is to employ a

multilayer radiation barrier insulation. Typlcal effective emisslvity of an MLI is 0. 02,

View factors from the storage contalner surfaces to Space were estimated and determined

to range from 0.17 to 0.23 for a container location on the floor at the end of the payloaw bay.

Cold case heater power requirements were calculated, Table 33, to hold 100°F for the aev-

eral {nsulation concepts considered, using a view factor of 0.23. An insulation thickness of

one inch was employed for the Litaflex and Nomex. Doubling the insulation thickness would

reduce the heater power requirement by only about 30%. For the multilayer radiation barrier
type insulation, an effective emissivicy of 0.02 was employed with a surface emissivity looking
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at space of 0. 8. 'The unit weight of these insulation concepts (lbs/ft2) Is also summarized in
Table 33. Note that the Litaflex concept would appear to be the lightest although it requires

the larger power consumption; the heavier MLI results tn the lowest power consumption.

For the hot case, a direct éxposure to incident sclar radiation wich surface character-
istics of = 0.36 and €= 0.9, results in contalner surface temperatures approaching 350°F
if the view [actor to space is limited to 0. 23. If the view factor to space cai: be increased
to 1.0, the maximum surface temperature is limited to 100°F, although the heater power
requirement for the cold case 2lso Increases. if the view factor canaot be increased, orbiter

attitude constraints will be necessary.

Consideration must also he glven to conductive insolation of the storage container from

its support struch. .

EVA Thermal Control — The thermal environment experienced by the EVA Kit and dispensecr

gan can range from a direct view of space (Tslnk = 0°R) to direct solar exposure resulting
from certain orbit/vehicle orientation combinations for periods of time up to 3 hours In
duration,

An {nitial evaluation has been made of a spherical kit with a volume of one cubic foot and
an average material density of 60 Ib/{t3 (combination of ablator and motal parts). Employing
a Litaflex insulation thickness of 0.5 inch ilmits the bulk cool down to 20°F At in a one hour
tdme period. Adding a low emissivity surface and thicker Insalation to the EVA kit would
further delay the cool down. For example, reducing the surface emisslvity to 0.2 reduces
the cool down to about 8*F/hr.

The dispenser gun cooling characteristics are similar to the spherical kit described
above. However, the hose/nozzle area, where tho ablator material volume s small relative
to the radiating surface area (say a 1 inch diameter hose with 1-inch of insulation sufrotmdlng,
Figure 59) presents a more serious cooling problem. If the ablator material remalins sta-
tiooary In the hose for 1/4 to 1/2 hour, it will cool from an in{tial temperature of 90 to 40°F,
This may be unacceptable and may require clearning the hose and nozzle at 10-20 min intervals.

Tile Repair Area Thermal Control

The thermal environment experienced by the repaired area Is to be restricted by vehicle
attitude control management. On the cold side, the effective sink temperature can be limited
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to 20-30°F; on the hot side to 90-170°F. The cooling times of the repaired arcas for the cold
case are dependent on the thickness of the repaired tile and its Initial t*  2Tature. The hot
case provides more acceptabie curing temperature for the repaired areas, but an evaluation

of the colder structure areas of application must be made.

Bulk cooling times were calculated for several repaired tile thicknesses and several
{nitial temperatures. Calculations were performed for an effective sink tewperature of 30°F,
a final bulk tile temperature of 40°F and an emissivity-view factor (F F,) of 1.0. Results
are summarized in Table 34. Note the increased cooling times resulting from the higher
fnitial temperatures and increased tile thicknesses. As the curing temperature-time re-
quirements of the ablator and bond are evolved, the above analysis con be refined with some
reference transient calculations. I required, thermal protection blankets can be provided
for increased temperatures during cure. For instance, emisslvity control can be provided

by the same plastic used for mold line contouring.

TABLE 32. THERMOPHYSICAL PROPERTIES OF NOMEX FELT & LITAFLEX

Thermal Conductivity
Material Source Characteristics | Density @ 100°F)

Lb/Ft3 | (Btu/Ft Sec’F x 109)

1 atm 10~% atm
LITAFLEX Rex Asbest- Asbestos Form
warke Soft, Com- 1-6 0.75 0.45
Germany pressible
NOMEX Globe Albany Aromatic Polya-
FELT mide 5.2 0.65 0.16
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TABLE 33. STORAGE CONTAINER INSULATION REQUIREMENT SUMMARY

Insulation Concept Thickness (in.) Weight (psf) Heater Power Requirement
(watts/fi2) | watts
MLI 0.15-.2 0.9 20
NOMEX FELT 1 0.43 3.0 G6
LITAFLEX (E=.9) 1 0.08 5.3 117
(G=.27) 1 0,08* 0.9 53

*Does not include low emissivity foil coating weight.

TABLE 4.

BULK COOLING TIMES

ESM Thickness (Inches)

0.75

1.25

2.0

Average Initial Temperature

Bulk Cool Down Timce to 40°F. (Minutes)

of ESM (°F.) Tsink =30°F, F, F, = 1.0
100 32 54 86
80 31 39 77
60 28 35 69
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4.4.7 OPERATIONAL ASPECTS
The repair operations are based on:
2. Using cure-in-place ablator for repairing all,1reas less tharn 3/4'' thick

b. Using cured-in-place ablator for repairing all single missing tiles or single
missing tiles with a section of an abutting tile missing

c. Using pre-cured ablator for all other repairs (large areas) with the cure-in
place material used as the bond
The storage container will have 3. 75 ft3 of pre-cured ablator packaged in eight 16.5 pound
packages, along with three insulated dispensers, each with 400 in3 of cure-in-place material.
A single multifunctional tool will also be in the kit, and sufficient sheets of plastic for cure-
in-place ablator leveling to the mold line. Figure 60 shows a schematic of the repaic kit on

the work station.

The storage container requires thermal monitoring prior to use in order to have the repair
material at 200°F. This is most important just prior to use of the material. The heated
storzge will maintain the flexibility of the pre-cured material and keep the cure in place
resin and catalyst flvid and at the proper temperature for the required cure rate. The fre-
quency of this monitoring is TBD. The astronaut will initially turn heater power on when

the PLB doors are opened for space craft thermal control.

All the repair material is stored in the container and the applicator/mixers have the thermal
insulation required for se during the repair mission. When the pre-cured tile kits are re-
moved from the storage container, they will be placed in an insulated storage unit (RMETB)
along with the multifunctional tool and the plastic film. The loading of the WS with these

repair items occurs before the astronaut donns the MMU/WS.

Cure In Place Ablator

Unit Volume ~ The requirement for 1,080 in3 of material will be met through the use of
three 400 in3 units. This package volume will achieve a reasonable balance in the work
station between cured-in-place ablator and pre-cured ablator, w e being consistent with
the 85-pound limit established in the Design Reference Mission document. In this volume
configuration, the following weights accrue for a maximum repair mission: For small areas

repair missions, some or all of the pre-cured ablator can be omitted.
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Hem ~ Weight, Pounds

Curc-in-place ablnlbr'mqtcriul 16
Mixer/dispenser (cfhp‘ty) 26
Tools and miscellancous supplics 2
2 Pre-cured abin:or'pnckngcs 3_3_

Total - (K

Dispenser Activation - Three simple on/oﬁ type valves activate the dispenser unit. The

valves will have a locking safety feature to be determined later. As shown in Figure 60,

the valves are locatad on the top of the dispenser unit and readily veachable by the astronaut's
right hand. The resir and catalysts valves will be turned on first, and then the air valve.
When the air valve is turned on, the two pistons move down and proportion the resin and
catalyst into the"mixer scctions, through the gelivery hose to the dispensing nozzle. No
material can leave the dispensing nozzle unless the safety device (TBD) is activated and the
handle depressed. Al the valves will activate with simplc wrist action tyne motion.

Afteér the applicator/mixer has been activaied and prior to the deposition of the material to
the repair area, a small quantity of the material will be discharged i the serap bag to clear

the gur of volds and proviac a sample for later examination of cure,

Ablator Flow Characteristics - The ablator matertal in the catalyzed condition is a very
viscous (1.2 million centipoisc) material. In this heavily bodicd form, the cohesive forces

within the material are extremely high and the materifal is a naturally very "sticky" sub-
stance. The combination of high cohcsive forces and very sticky surface provides a mater-
ial which will stop moving in the zero 'g' space cnvironment as soon as the delivery nozsle
is turned off. The high viacosity of the r aterial will prevent it from heing forced into the
arcas between tiles and also provide a scouring action at the vehicle/cured-in-place ablator,
which will insure the good wetting required to optimize the bond strongth,

Ablator Flow Rate - The dispenscr unit has been sized to provide a maximum flow rate of
20 in3 per minutc and under these conditions a 6 X 6 X 2-inch cavity could be filled in about

! minutes. This flow rate was sclected to provide a reasonable balance between the rate
uscable in filling a single tile void, which is fairly high, and applying the bedding base re-
quired to bond a prc-cured ablator in plare in either a void or over a previously installed

pre-cured ablator. 'Fal‘rly slow rates will also be used when partially missing tiles or cdges
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around pre-cured ablator are filled, The flow rate is controllable by astronaut positioning

of the trigper type dispensing valve,

The dispenser {8 expected to remain opcrational for 60 minutes. Two things cauld prevent
this: material cure and blocking of the mixer/hose assembly or excessively low temperature
and high viscosity condition. The ﬂ'ml condition {s expected to be prevented by catalyst con-
centration optimization ind later by adequate insulation of the hose/nozzle clements which
have very low heat capability.  If cither of the zolutions are not posxible, it may be necessary
1o elear the mixer/hose assembly by discharging material into the waste bag once or twice

in 1 60 minute period.

Cure Assurance - The resin/eatilyst system represents a white and black material, When

the two materials are properly mixed, they-are a medium grey in color and generally {ree of
striations. This color feature provides the astronaut with continual assurance that the de-
posited material has heexn catalyzed, is properly mixed, and will effectively curey The
sample placed in the scrap container at the beginning of cach gun start up will further pro-

vide a physical demonstration of cure.

Proe-cured Ablator - Subkits of pre-cured abiator tiles have been defined as an assortment

of 3/4, 11/4, and 2 inch thicknesses. Thers are six large area repair subkita suitable for
large and deep arcas, and two small area rogair subkits, With this asscriment, the astro-
naut will be able to fill most arcas with no more than twu layers of tiles plus the adhesive

bond, and still meet the outer mold line restoration requirement of + 1/4 inch.

lLarger, prescored sinlxs of ESM material were constdered, but it was determined that a
slab larger than 12 x 12 inches would be excessively difficult to handle at the repatr site,

The tiles are tethered together and after they have been positioned, the tether can be with-

drawn,

Repair Techniques

All Arcas

e A visual inspectior. will be made of the damaged arcas and abutting tile to determine
if any looac pileces exist.

e The damaged arca and abutting tiles will be gently felt for loese points or nearly
destroyed bonds. \Where loose picees or nearly loose pleces exist, they will be
picked up with the aid of the sticky surface tool, Figure 61.




When the repair area has been cleared of major tile particles, the applicator/mixer nozzle
will be picked up and the spring loaded veriable flow valve activated by removing the safety
device (TBD, probably a pull ring). The flared dispensing nozzle will then be positioned in
the far corner of the missing tile arca and the handle depressed. As the material flows from
the nozzle, the nozzle tip will remain within the deposited material and will be gradually
drawn across the vold with a slight upward motion, Figure 62. This withdrawal procedure

{s almed at preventing void enclusio, which would collapsc upon re-entry. If the area

being repaired is wider thar the dlspemlng nozzle, the nozzle will be slowly directed from
side to side s0 us to completely {ill the cavity in front of it before moving back (Figure G3).

In this manner, the resulting installation will resemble a loaf of bread. During the crew

training, operato. efficiency should improve to the point where the repaired void will require '

no additional operaticns following the cavity filling. The smooth flowing characteristics of
the cured in place ablator tests to date suggest this conclusion. If, however, an overfill
condition or an unevenly filled condition exists, a roll of plastic film will be removed from
the insulated storage unit and unrolled ucross the face of the rcpaired cavity. Due to the
very sticky nature of the cure in place ablutor, the plastic will be "grabbed" by the surface.
The back of the multi-functicnal tool {or back of gloved hand) will then be used to level the
surface and contour any extra material across the surface of adjacent tiles. The plastic film
(which can be used for emissivity coatrol) will be left on the surface. In cases where a
significant amount of cxcess material kas been deposited, the front edge of the mulii-func-
tional tool will be uscd to scoop the materinl up and deposit it in the scrap bag, and the bag
{nterior used to wipe the tool clcan.

The cxtended piston of the applicator mixer is graduated into four units of volume. In this
manner, the astronaut will continually know the amount of muterial left within the container.
No repair should be initinted unless there is sufficient material within the container to com-
plete the work.

Precured Ti'e Repair Technique

The tile thickness required for cach repair area will be kmown from location of the repair
and the width and length of the repair roughly determined. The proper thickness tile will
be selected from the insulated storage area cnd {ractured alony the pre-scored lines and
dry fitted into the rcpalr arca.  Tiles representing the total build up will be sized at this
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time and then returned to {nsulated storage. The <ispenser applicator will then be turned
on with the nozzle in the corner of the area to be 1‘-e-balred. Tae nozzle will be smoothly
drawn across the area to be repaired andrn ri{bbon of material deposited. Where vehicle
conlours are encountered, extra material will be deposited in lower areas so that as flat

a surface as possible is generated for .the Ledding of the pre-cured tile. The nozzle of the
applicator will *hen be used to smooth out the ribbons of cure in place bond. Being gener-
ally smooth is all that i5 required. |

The presized tiles for the first layer would be removed from the heated storage and the

first corner tile installed. For installation, the tile Is curved back and Installed as shown in

the following sketch.

TILE TILE

S TSI 777777777777 7777777 77 ST 7 7
CURE-IN-PLACE ABLATOR
PRE-CURE TILE INSTALLATION

Tests have shown that the material flows well wixa 2 to 4 pound force s applied tc¢ the area
of the tile that is being applied. A slight wiggling motion also helps bed the tile and eliminate

the inclusion of voids.

After all the tiles in the first layer have been installed, a second lajrer of bedding ablator
will be applied in the same manner as the first layer if a second pre-ctred ablator is to be
used or {f the cavity requires additional cure in place material to meet the thickness dimen-
sfon. Additional tiles will be added in the mamner of the first layer {f successive thicknesses
arc required. If this is the case, then the thinnest tile will be placed or the bottom of the
cavity, thus affording greater ablation depth before encountering a bond line. If not, the

- perimeter of the repair area, where voids exist between the pre-cured ablator and original
tiles, shall be filled by {nserting the cure-in-place ablator nozzle into the vold and slowly
drawing the nozzle across the void, depositing the required ablator thickness,
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1. Insulsted storage for pracursd ablator, tool snd plastic tim (GFE) (RMETB)
?. Scrap bey .

3. Aiw, Resin and Catalyst valve

4. Four m:mumm:«wm-mmmthdw

5. Dupsnaw

Figure 60. Repair Mission Equipment
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INCTIAL NOZZLE PCSITION

/

[ EXISTING
| TILE
EXISTING STANDING WAVE OF
TILE - UNCURED ABLATOR MOVING
DOWN CAVITY-NOZZLE MUST
ALWAYS DISPENSE NEAR
BASE OF WAVE & WITHIN
PREVIOL.LY DEPOSITED MATERIAL
Figure 62, Top View Fill Technique
TILE THE . . .- CAVITY
TILE TILE
TILE TILE TILE

Figure 63. Side View Fill Technique
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5.0 RECOMMENDATIONS

Utilize the following specific sclutions:
- ESM LOO4 AP precured ablator

- RTV-5377E Cure-

in-place ablator/adhesive

= A 400 cubic inch dispenser similar to the prototype unit

Proceed with design,
devised by JSC.

fabricetion aud flight of the tile repair kit as conceptually




